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ABSTRACT
Nature and Origin of the East Traverse Mountains Mega-Landslide, Northern Utah (USA)
Rodney Ryan Chadburn
Department of Geological Sciences, BYU
Master of Science
The East Traverse Mountains are an E-W trending mountain range dividing Utah and Salt
Lake valleys in northern Utah. Geologically perplexing, the nature of the East Traverse
Mountains has been under investigation for 140 years. Previously, the mountain range was
proposed to be a dismembered but still coherent down-faulted block that experienced 4 km of
post-thrusting extension within the Charleston-Nebo thrust sheet. However, new insight on the
origin of the East Traverse Mountains indicate that it is a mega landslide, roughly ~100 km3 in
size, which catastrophically slid from the upper reaches of the Little-Cottonwood stock to its
present-day location.
The primary evidence for this landslide includes two unusual dike swarms whose roots
are in the Wasatch Range and whose upper reaches are now in the East Traverse Mountains, 16
km to the SW. A swarm of pebble dikes, indicative of porphyry mineralization is found at the
center of the East Traverse Mountains and contain pebbles of Little-Cottonwood stock as well as
two other intrusions found at the center of a mineralized zone. These granitic clasts have phyllic
alteration, contain molybdenite grains and are sourced from a subeconomic molybdenum-copper
porphyry deposit located 16 km to the NE. The other dike swarm occurs on the SE corner of the
range near Alpine, Utah, which contains various andesitic and phaneritic dikes of intermediatefelsic compositions (56-69 wt.% SiO2) with localized marble on their southern margin. These
dikes range in U-Pb ages from 36-29 Ma. Moreover, other evidence includes brecciation of the
entire mountain range as well as along the slide path of this landslide. Breccia, as well as
pseudotachylyte and cataclasite have been discovered that formed in the rapid transportation of
the 1-2 km thick detached block. Devitrified pseudotachylyte veins range in thickness from 1 cm
to 0.6 m and are present in the roof zone of the pluton. Sixteen kilometers of sliding caused
70-80% of the Oquirrh Group rocks of the East Traverse Mountains to be fractured to less than 1inch diameter clasts in breccias and broken formations, as documented by 16 years of mining.
U-bearing opal replaced significant areas of brecciated volcanic rocks when hot water
seeped into highly-fractured, argillically altered rock. U-Pb ages of 6.1 ± 0.9 Ma from these
opalite areas could provide a minimum age for the emplacement of the mountain block.
Underlying the East Traverse Mountains slide block is a layer of fallout tuff deposited in the
Jordan River Narrows member with 40Ar/39Ar ages of 6.62 ± 0.07 Ma which provides a
maximum age of emplacement. Therefore, we propose that the East Traverse Mountains megalandslide occurred between 6.1 ± 0.9 Ma and 6.62 ± 0.07 Ma.
Our interpretation for the East Traverse Mountains mega-landslide model builds upon
previous research and data, with the addition of these recent findings. This new interpretation is
crucial for understanding the potential for large normal fault systems to create significant
landslide hazards.
Keywords: landslide, U-Pb geochronology, dikes, pebble dikes, Alta stock, Little-Cottonwood
stock, East Traverse Mountains, pseudotachylyte, Oquirrh Group
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INTRODUCTION
Until recently, there have been very few examples of terrestrial mega-scale landslides.
The most recognizable being the Heart Mountain Gravity Slide (HMGS) in Wyoming with over
1000 km3 of material (Pierce, 1957; Hauge, 1985; Aharonov and Anders, 2006; Beutner and
Hauge, 2009) and the Marysvale Gravity Slide Complex (MGSC) in southern Utah (Hacker et
al., 2014, Biek et al., 2019). These massive landslides and others recently discovered, indicate
that aerially large landslides are not only geologically possible but are perhaps more common
than previously thought. In north-central Utah, recent landslides have been documented along the
Wasatch front including the 0.065 km3 landslide within the Bingham copper mine, which
occurred in 2013 and was deemed one of the biggest non-volcanic slides in North America’s
modern history (Pankow et al., 2013). This paper provides evidence for another massive
landslide which occurs within the same lithologic sequence of rock as the Bingham slide and has
been unrecognized for 140 years. We present evidence that the East Traverse Mountains in
northern Utah are an “enormous” landslide with an area of about 62 km2 that formed
catastrophically about 6.5 Ma (Figure 1).
The East Traverse Mountains are predominantly composed of Pennsylvanian Oquirrh
Group quartzite and Eocene/Oligocene volcanic rocks and forms a salient along the northtrending Wasatch Mountains (Marsell, 1964; Hintze, 1988). The East Traverse Mountains have
been described as a coherent mountain block trending east-west that formed along the
Proterozoic Cheyenne suture zone as part of the Uinta-Cottonwood arch (Paulsen and Marshak,
1998). Alternatively, the East Traverse Mountains were believed to be a down-faulted,
dismembered portion of the Charleston-Nebo thrust sheet (Biek, 2005; Constenius et al., 2003).
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Due to excavations related to the rapid expansion of residential and commercial
development of the East Traverse Mountains over the past decade, new findings in and around
this mountain block have questioned the nature of the mountain block. Keith et al. (2017)
recently proposed that this block is a massive landslide that originated 16 km to the NE in the
Wasatch Range and represents the removal of a plutonic lid covering the Little-Cottonwood
stock (Jensen, 2019).
In conjunction with Jensen (2019) and Christiansen (personal communication, 2020), we
report evidence for our interpretation of the slide which includes: 1) lithology and ages of East
Traverse Mountains units, 2) recently discovered dike swarms at the center of the East Traverse
Mountains and in the SE corner of the range, and their correlation to the Wasatch igneous belt, 3)
brecciation of the mountain range, 4) pseudotachylyte and cataclasite that marks the slide path of
the mountain block, 5) previous speculations on the enigma of the mountain block, 6) timing of
the slide event, and 7) an updated geologic map and cross section of the area.
We will test the hypothesis that the intrusion of the Little-Cottonwood stock, onset of
Basin-and-Range extension, deformation of the thrust sheets, offset and exhumation along the
Wasatch fault, set the stage for the catastrophic collapse of this mega landslide block. In
addition, we provide an outline of a possible sequence-of-events and timing of failure of this
landslide block. The study of this mega landslide gives insight to hazards of potentially
catastrophic landslides along fault zones around the world.

GEOLOGIC SETTING
The East Traverse Mountains sits in-between the Salt Lake and Provo segments of the
Wasatch Fault (Figure 1) and is separated from the Little-Cottonwood stock by the Fort Canyon
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fault on the east (Bruhn, 1987). Proterozoic to Paleozoic sedimentary rocks making up this
portion of the Wasatch Mountains were deformed during the Sevier orogeny, which formed an
eastward propagating-fold and thrust belt that arrived in northern Utah at around 90 Ma
(Armstrong, 1968). Thrust sheets that include Pennsylvanian-Permian Oquirrh Group and
Proterozoic Big Cottonwood Formation were thrust eastward within the orogenic belt (Granger
et al., 1952; Armstrong, 1968, Heller et al., 1986; Yonkee, 1992). These sheets were deformed
again by the Laramide orogeny (which formed the Cottonwood arch) and the intrusion of
multiple plutons known as the Wasatch Igneous Belt which is made up of 11 different igneous
bodies ranging in ages from 40-25 Ma and also by the Keetley volcanic field. (Crittenden et al.,
1952; Armstrong, 1970; Kowallis et al., 1990; Vogel et al., 2001; Smyk et al., 2019; Stearns et
al., 2020). The two most western stocks of this igneous belt are the Little-Cottonwood stock and
the Alta stock. The Little-Cottonwood stock is granitic to granodioritic in composition while the
Alta stock is granodioritic. After intrusion, Oligocene to mid-Miocene extension, was initiated
along the north-trending Silver Fork-Superior Fault system which was active prior to the
Wasatch Fault. (Bryant, 1990; Armstrong et al., 2003; Constenius et al., 2011). Subsequently,
extension and exhumation migrated to the west and was accommodated along the Wasatch fault
zone creating 12 km of displacement (Kowallis et al., 1990).
The Wasatch normal fault runs 370 km through northern and central Utah (Gilbert 1890;
Machette et al., 1991). At the transition between the Salt Lake and Provo segments, the East
Traverse Mountains form a prominent salient. The East Traverse Mountains are primarily made
up of Pennsylvanian Oquirrh Group quartzite, limestone and calcareous sandstone, partially
concealed by Miocene-Oligocene age alluvial fan material which caps the east side of the
mountain range. Eocene-Oligocene block-and-ash-flow tuffs also cover a portion of the east side
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of the block (Biek, 2006). Covering an area of roughly 62 km2, this mountain block is ringed on
three sides by late Pleistocene Lake Bonneville sediment, obscuring its base. Dozens of small
Quaternary landslide deposits and unconsolidated alluvial fan deposits partially cover the
mountain top (Biek, 2006). The east side of the block is separated from the Little-Cottonwood
stock by the Fort Canyon fault which is interpreted to connect the Salt Lake and Provo segments
of the Wasatch fault (Schwartz and Coppersmith, 1984).
On the west side of the mountain range, the Point-of-the-Mountain quarries expose
brecciated Oquirrh Group sedimentary rocks which are used as aggregate (Biek, 2006). Further
west at the toe of the East Traverse Mountains, in the Jordan River Narrows, are deposits of
marlstone, volcanic tuff, claystone, rhyolitic tuff and sandstone comprising the Jordan Narrows
unit which is in an unconformable contact with the overlying Camp Williams unit of
conglomerate (Biek, 2005). These two units are both members of the Miocene-Pliocene Salt
Lake Formation. The Eocene-Oligocene volcanic rocks on the East Traverse Mountains are
dacitic and andesitic block-and-ash-flow tuffs, and volcanic breccia with a 40Ar/39Ar ages of 35
Ma and K-Ar age of 37 ± 1.1 Ma (Crittenden, 1973; Biek 2005; Best and Christiansen, 1991;
Hoopes et al., 2014). On the south side of the mountain block are scattered areas of opalized
volcanic rocks, some of which are large enough to map on a 1:24,000 geologic quadrangle
(Marsell, 1932; Biek, 2006; Jordan et al., 2018).
The nature of the East Traverse Mountains has been under investigation since the
research conducted by Gilbert (1890) and Marsell (1932). Gilbert noted broad Lake Bonneville
wave cut terraces on the north side of the East Traverse Mountains. Marsell (1932), was
perplexed by the absence of outcrops but concluded that Basin-and-Range faults do not exist in
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the East Traverse Mountains or even bound them and that the topographic expression has not
changed since the Pliocene.
Unanswered questions about the adjacent Little-Cottonwood stock have arisen over the
years as well. Armstrong et al. (2003) examined a compilation of radiometric ages across the
entire Little-Cottonwood stock and concluded that an unroofing event, or rapid exhumation,
occurred on the western portion of the Little-Cottonwood stock starting around 10-12 Ma or
later. They postulated that reasonable erosion rates were insufficient to account for this event, but
some form of extensional unroofing or mass wasting must have been involved. His explanations
were built on the models of Constenius (1998) who postulated that sole faults of preexisting
thrust-fold structures of Sevier age abutted and possibly covered the Little-Cottonwood stock.
Crittenden (1965a, 1965b) on his geologic quadrangle maps had already proposed that very
model. His cross-sections for the maps showed the Charleston-Nebo thrust dotted above the
entire Little-Cottonwood stock and which may have been in the lid of the magma chamber.
Parry and Bruhn (1987) ascribed the displacement along this section of the Wasatch front
was to Miocene Basin-and-Range extension. Constenius (2003) attributed the present-day relief
in part to reactivation of the Deer Creek detachment fault to the west-southwest during the late
Eocene, and 5-7 km of lateral extension during the Neogene. Biek (2006) used this idea in his
explanation of the East Traverse Mountains, but limited the relaxation along the Deer Creek
Detachment to be about 4 km and noted that the Miocene age alluvial fan material capping the
East Traverse Mountains contained no cobbles or material from the Little-Cottonwood stock.
This Miocene alluvial fan is mapped as Tibble Formation on new geological maps (Constenius et
al., 2011). We suggest that the proposals of Constenius et al. (2003) and Biek (2006) for 4-7 km
of extension along reactivated thrusts is not adequate to explain the nature of the East Traverse
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Mountains. We propose that exhumation of the Little-Cottonwood stock involved large-scale
instantaneous mass wasting, with much of the roof zone of the pluton traveling 16 km to the
valley floor to explain the presence of the East Traverse Mountains (Keith et al., 2017; Jensen,
2019). To test our interpretation, we address the following questions: What is origin of this
allochthonous mountain block? If it is a landslide, what is its extent? What does the
compositional and structural nature of the block tell us? And how and when was the detached
block emplaced?

METHODS
In order to better understand the puzzling character of the East Traverse Mountains, we
have produced an updated geologic map of the region including immediately adjacent areas.
Samples were collected from the East Traverse Mountains, Little-Cottonwood stock, Alta stock,
and various other local lithologies to constrain the nature, timing, extent, and size of a potential
mega-landslide. Dikes in the East Traverse Mountains were a focal point of this study and were
analyzed for their mineralogy, geochemistry and U-Pb ages. Samples selected for
geochronological work were processed to retrieve zircons from mineral separates. These samples
were crushed by a roller mill and run through a magnetic separator to separate the non-magnetic
target grains. Following this step, these grains were passed through heavy liquid separation using
TBE (tetra bromoethane) and MI (methylene iodine) liquids with an acetone rinse between steps.
From the heavy mineral separates, zircons were then picked out by hand and placed in a one-inch
diameter mount, epoxied, polished using a six- and one-micron diamond paste and then carbon
coated. These mounts were then imaged at Brigham Young University Microscopy lab using the
Apreo C Low-Vacuum SEM (ThermoScientific) microscope and Gatan cathodoluminescence
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detector to document the zonation and differences between rims and cores of the individual
grains.
Following this step, the zircon mounts were taken to the Department of Geology and
Geophysics at the University of Utah to be laser ablated using their 193 nm Teledyne Photon
Machines Analyte Excite Excimer Laser Ablation System with an Agilent 7500ce, Quadrupole
Mass-Spectrometer. The surfaces were pre-ablated and cleaned for 2 seconds, then ablated for 4
seconds analyzing for trace elements, and U and Pb isotopic composition. Four zircon standards,
Plesovice, 91500, R33 and TEMORA-2 were used during an analytical round robin to establish
the uncertainties and precision and to bracket the analyses of the zircons (Wiendenbeck et al.,
1995; Black et al., 2004; Sláma et al., 2008). This was done using the methods of Clark et al.
(2013). A laser repetition rate for the zircon grains was 4–6 Hz and yielded a fluence of ~2–3
J/cm2. Samples were analyzed using a 15-20-micron spot size. Each grain was imaged under
cathodoluminescent light to determine points in which to ablate, devoid of inclusion and
impurities. For most grains, two points were selected for ablation, one on the core and one on
rim. If zircon grains were too small, a single spot was analyzed. Care was taken to avoid
obviously xenocrystic/detrital zircons to insure a more accurate distribution of ages of the host
magma.
Geochemically, these rocks were processed for X-ray fluorescence analysis of major and
trace element concentrations. A glass disc was made using a Katanax K1 prime fusion fluxer and
analyzed for major elements while a pressed powder pellet was made for the trace elements.
Both glass discs and pressed pellet was analyzed by the Rigaku ZSX Primus II X-ray
fluorescence spectrometer at Brigham Young University. The major element oxide
concentrations analyzed where: SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O and
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P2O5 and for trace elements: Ba, Ce, Cr, Cu Ga, La, Nb, Nd, Ni, Pb, Rb, Sc, Sm, Sr, Th, U, V,
Y, Zn, Zr, Cl, F and S. Electron microprobe analysis was performed on a Cameca SX50 electron
microprobe at Brigham Young University for amphibole and plagioclase in carbon coated thin
sections.
The geologic maps (1:24,000 scale) of Jordan Narrows (Biek, 2005), Lehi, (Biek, 2006),
Dromedary Peak (Crittenden, 1965 and Baker et al. 1965), as well as the 1:100,000 scale maps of
Salt Lake City (Bryant, 1990) and Provo quadrangles (Constenius et al., 2011) were updated in
this study and compiled in ArcGIS (2011). The strike of dikes in the Albion Basin and the East
Traverse Mountains were measured in the field and on aerial photographs every 10 m along 31
individual dikes at 584 locations.

RESULTS
Geology of the East Traverse Mountains
Brecciated Pennsylvanian-Permian Oquirrh Group
The oldest rocks exposed in the East Traverse Mountains are brecciated quartzite and
limestone of the Oquirrh Group. In north-central Utah, thickness of the Oquirrh Group exceeds
7000 m (Hintze and Kowallis, 2009). Marsell (1932) was the first to note the brecciated nature of
the quartzite throughout the entire block and was puzzled by the stark contrast to other quartzites.
These rocks are best exposed on the western side of the block. On the southeastern end of the
Traverse Mountains, however, there is Paleozoic limestone and quartzite that were tentatively
identified and mapped as Mississippian Doughnut Formation but conodonts, found as part of our
work (Perfili et al., 2017), show that these rocks are part of the Bridal Veil Limestone unit of the
Oquirrh Group. Construction of biking trails and roads in the last few years created cuts into the
hillsides and allowed us to assess the amount of fracturing of the Oquirrh Group rock which
8

appears to be just as intensely fractured as the western end of the East Traverse Mountains. Rock
fragments reach an upper size of 10 cm across in road and trail cuts, but larger rocks up to 30-40
cm across are locally found on the surface.
Near the NE corner of the range, thoroughly fractured Oquirrh quartzite was mined on
small scale at the Silica Pit at Corner Canyon (Figure 1; Marsell, 1932). The rock in the quarry is
pervasively broken, as described above, but has also been bleached by the passage of acidic
hydrothermal fluids creating their stark white color, with streaks of yellow and red, and the
argillic alteration in the overlying volcanic rocks. This rock is >99% SiO2 with any calcareous
cement removed.
Quaternary Lake Bonneville produced a large spit of sand and gravel at the western end
of the East Traverse Mountains called the Point of the Mountain (Figure 2). It has been
excavated in open pits for construction aggregate but mining companies found that they could
expand their operations into adjacent “bedrock”. For the last 16 years, Geneva Rock has
excavated the bedrock at the north end of the East Traverse Mountains with little to no need for
explosives. The bedrock is comprised of Oquirrh quartzite, calcareous sandstone with lesser
amounts of limestone (Biek, 2006). In stark contrast to Oquirrh quartzite found elsewhere, the
East Traverse Mountains quartzite is thoroughly fractured in three dimensions (Figures 2-3).
Such rocks are not confined to fault zones, but continue for over a kilometer to the east into other
parts of their pits. Solid bedrock crumbles out because of pervasive fractures (Figure 3; Scott
Thayn, personal communication, 2020). Closely spaced fractures have reduced the rock to minus
1-inch (less than 2.5 cm) material (70-80%); the coarser fraction grades upwards to about 4
inches (10 cm). By screening, the mine produces a small amount of 7-8 inch (20 cm) product. A
few clasts in the mining area reach sizes of 12-16 inches (30 to 40 cm). However, large areas of
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the Geneva Rock mine are fractured to chip and sand size (1 cm to 2 mm) so that they need to
supplement their product with coarser rock from elsewhere to produce many of the aggregate
products needed by construction (Scott Thayn, personal communication, 2020).
Marsell (1932) speculated that the dominant structure of the East Traverse Mountains is a
steeply pitching anticlinal nose which runs NE-SW. This structure may be related to the
occurrence of an “anticline” of limestone found by Geneva Rock’s excavation (Figure 2). This
limestone may represent the basal member of the Oquirrh Group – the West Mountain Limestone
(Tooker and Roberts, 1970) or the Bridal Veil Limestone (Baker and Crittenden, 1961).

Eocene—Oligocene Volcanic Rocks
Overlying the Oquirrh Group rocks in the center of the range are undivided Eocene and
Oligocene volcanic rocks of intermediate composition (Biek, 2006). Crittenden et al. (1973)
reported K-Ar ages of the volcanic rocks at 37.3 ± 1.1 Ma and appear similar to Keetley
Volcanics in major and trace elements (Biek, 2006). They are complexly interbedded block-andash flow tuffs and minor lava flows that have been faulted, moderately silicified and argillically
altered (Hoopes et al., 2014). The argillic alteration is pervasive throughout the area of the
volcanic rocks, but is interpreted as zoned around a silicified topographic high in the center of
the range (Figure 4; Marsell, 1932). Our mapping indicates that the topographic high area of the
East Traverse Mountains has experienced quartz-sericite-pyrite alteration (QSP). A less common
type of alteration is silica flooding along fault zones. In the East Traverse Mountains, Biek
(2006) and Marsell (1932) used the term “opalite” for rocks that are flooded with lowtemperature opal and chalcedony, but preserve the igneous texture of the rock. Much of this area
has been repeatedly studied and trenched by engineering firms to find areas that are not prone to
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landslides, and would be suitable to locate housing developments. There are approximately 30
small-scale landslides currently mapped on the mountain range with more areas being
investigated. (Biek, 2006).

Igneous Intrusions
Little-Cottonwood stock: The Little-Cottonwood stock is the westernmost intrusion of the
Wasatch Igneous Belt and is a coarse-grained granodiorite to granite (Jensen, 2019). Similar to
the rest of the stocks of the Wasatch Mountains, this stock is calc-alkaline and part of a high-K2O
series (Vogel et al., 2001; Jensen, 2019, Figure 5). Textures range from phaneritic to finergrained phaneritic, this rock contains mafic enclaves which range from centimeters to meters
(Hanson, 1996; Marsh and Smith, 1997). The Little-Cottonwood stock has an exposed area of
115 km2 and was emplaced at depths of 11-6 km (Parry and Bruhn, 1987). Phenocrysts are
dominantly quartz, plagioclase, biotite, with megacrysts of K-feldspar. Accessory minerals
include amphibole, titanite, allanite, magnetite, apatite and zircon and it is generally unaltered
(Jensen et al., 2019). The Little-Cottonwood intrusion has been extensively dated via U-Pb
zircon techniques with a mode at about 30.5 ± 0.5 Ma and ranging from 29-31 Ma (Vogel et al.,
2001; Smyk et al., 2018; Jensen, 2019). However recently, magmatism of the Little-Cottonwood
stock has been interpreted to range from 35-25 Ma (Stearns et al., 2020).
Two smaller and younger intrusions cut the northeastern part of the Little-Cottonwood
stock—the White Pine intrusion and Red Pine porphyry (Figure 5; Sharp, 1958; Smyk et al.,
2018; Jensen, 2019).
White Pine Intrusion: White Pine intrusion exposed over roughly 6 km2 and is mostly
obscured by colluvium with small areas observed as outcrops along trails (Figure 5; Jensen,
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2019). White Pine phase is texturally and mineralogically similar to the Little-Cottonwood stock,
but it is more leucocratic and biotite is its only mafic phase, unlike the Little-Cottonwood stock
that has hornblende and more titanite. There are no mafic enclaves in the White Pine intrusion
and it is moderately altered with quartz-sericite-pyrite (QSP) complicating some of the
distinctions. Moreover, this rock is Mo-mineralized in few locations and in veins along with QSP
alteration. Jensen (2019) reported U-Pb ages with a mode at ~27.5 Ma for White Pine while
Smyk et al., (2018) estimated a range of ages from 26 to 28 Ma.
Red Pine Porphyry: This granitic porphyry intrusion is also poorly exposed, but it is
interpreted to have crystallized from magma that intruded the mostly solidified White Pine as
small, widely spaced bodies (Figure 5; Sharp, 1958; Jensen, 2019). The Red Pine is
compositionally indistinguishable from the White Pine but it is typically porphyritic with a
seriate groundmass. Moreover, titanite is Al-rich compared to those in either the White Pine or
Little-Cottonwood intrusions (Martin el al., 2020). U-Pb zircon ages for this phase are somewhat
younger than the White Pine and range from 25.5-26.6 Ma. Strong QSP alteration has replaced
biotite with chlorite and rutile and plagioclase is altered to sericite in most samples. The
hydrothermal alteration is associated with small porphyry Mo deposit that cuts both the White
Pine and Red Pine intrusions (Jensen, 2019). Molybdenite, uranothorite, and scheelite developed
as a result of the alteration, or reequilibrated with it.

Eocene-Oligocene Dikes
Pebble Dikes: A swarm of narrow pebble dikes is exposed in the East Traverse
Mountains (Marsell, 1932; Biek, 2006; Jensen, 2019). The dikes cut hydrothermally altered and
silicified volcanic rocks. Currently, 23 pebble dikes have been mapped with most exposed as
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dismembered, trains of dike fragments (Figure 4). (Many of the pebble dikes were exposed by
construction excavations but have since been covered back up by houses and parks after our
mapping and sampling in 2016-2018.) The dikes range from a few centimeters to 30 cm wide
and dike segments are roughly 50 to 100 m long (Figure 4). The pebble dikes radiate from the
silicified center of the range (Figure 4), similar to pebble dike swarms produced around some
molybdenum deposits (Gustafson and Hunt, 1975). The dikes are sometimes paralleled by a
series of opalite/chalcedony veins.
The East Traverse Mountain pebble dikes contain rounded and angular clasts of volcanic
rocks, Oquirrh Group quartzite, chert, black fine-grained sedimentary clasts and sometimes
granitoid pebbles in a comminuted matrix of country rock (Biek, 2006; Figure 6). Matrix of the
dikes is very fine grained and often silicified. Mineral separates obtained from these granitic
clasts contain molybdenite, pyrite, zircon, barite, green and yellow titanite and uranothorite. The
granitic pebbles are small, ranging in size from 1 cm to 10 cm with the majority being 1-3 cm.
Some of these granitic clasts have quartz-sericite-pyrite alteration as reported by Jensen (2019)
while others are silicified. In the Little-Cottonwood stock, 16 km to the NE from this dike
swarm, one similar pebble dike was located in the White Pine portion of the stock, which formed
parallel to a breccia zone containing a molybdenum-copper porphyry deposit (Figure 1 and 5;
Sharp, 1958, Jensen, 2019).
In thin section, it is apparent that most pebble dikes are flooded with chalcedony and
cryptocrystalline quartz, filling open spaces and contains oxidized pyrite (Marsell, 1932). The
center of the range that contain these pebble dikes highlight areas of low-temperature silica
flooding. Textures, model proportions, and titanite compositions link various clasts with each of
the three intrusions found to the east in the Wasatch Mountains (Jensen, 2019; Martin et al.,
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2019). Multiple granitic clasts within the pebble dikes on the East Traverse Mountains were
separated from the other clasts and examined. Some of these small granitic clasts are slightly
altered and porphyritic-phaneritic in texture. Contain large strained quartz grains, twinned
plagioclase, fresh biotite hosting apatite, zoned K-spar with silica inclusion rims, epidote and
sericitic alteration and notable grains of molybdenite. Similar textures and model proportions are
seen within the White Pine intrusion (Jensen, 2019). Other granitic clasts are quite porphyritic
with a very fine-grained groundmass with extensive pyrite grains, allanite, few to no titanites, and
large resorbed quartz phenocrysts. Moreover, clasts of this lithology show biotite converted to
sericite, pyrite is altered to hematite, and contain rare green titanites and uranothorite grains.
These clasts are comparable to Red Pine intrusion (Jensen, 2019). Finally, the last type of
granitic clasts obtained from pebble dikes were silicified, contained prominent titanite, minor
amounts of hornblende, abundant plagioclase, K-spar and quartz grains. Moreover, these clasts
contained no pyrite or sericitization, much like the fresh unaltered granodiorite of the LittleCottonwood stock (Jensen, 2019). Sometimes, different granitic clasts lithologies were recovered
from the same pebble dike.
In the Little-Cottonwood stock, 16 km to the NE from the East Traverse Mountains dike
swarm, one similar pebble dike was located in the White Pine portion of the stock, which formed
parallel to a breccia zone in the molybdenum deposit (Figures 1 and 5; Sharp, 1958, Jensen,
2019). This dike cuts both White Pine and Little-Cottonwood intrusions and contain clasts that are
rounded to subrounded and have been identified by texture and mineral assemblage to be mostly
White Pine with a few clasts of Red Pine and Little-Cottonwood stock (Sharp, 1958;
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Jensen, 2019). These clasts are QSP and chloritically altered, and contain grains of pyrite,
plagioclase, vuggy quartz, scheelite and molybdenite.

Alpine and Albion Basin Dike Swarms
A swarm of eight NE-SW trending intermediate composition dikes and one granitic dike
occurs in the easternmost end of the East Traverse Mountains near Alpine, Utah. The dikes,
hosted by limestone and quartzite of the Oquirrh Group are, like their host rocks, highly
brecciated (Figure 7). Along the southern margin of the swarm, the limestone is marbleized.
Dikes here range in thickness from 1-5 m and in lengths from 20-400 m. The dikes vary from
felsic to intermediate and textures range from phaneritic to aphanitic. Recently, road and utility
construction in the Alpine area exposed these dikes as well as a N-S fault juxtaposing Tibble
Formation against Oquirrh Group; neither of which had been mapped previously.
A similar swarm of NE-SW trending intermediate-composition dikes, showing no
brecciation, occurs near the Alta stock in the Albion Basin, approximately 16 km east (Figure 5).
This dike swarm is bounded on the west by the N-S Silver Lake/Superior Fault System, which
was a precursor to the Wasatch Fault and was probably active during the Eocene-Miocene
(Armstrong et al., 2003). The Albion Basin dike swarm is part of a much larger system of
swarms with various compositions that stretches 15 km from the interior of the LittleCottonwood stock, east through the Alta Stock and beyond (Figure 5; Crittenden, 1965; Baker et
al., 1966). In this region, Alta-Albion basin, about 100 dikes that have been mapped but many
smaller dikes are not on existing regional scale maps. Most dikes have the same general NE-SW
orientation however, aplite dikes have an NNW-SSE orientation (Kowallis et al., 1995). Previous
workers ascribed the dikes in the Albion Basin to Alta stock magmatism but they have not been
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studied in detail (Wilson, 1961; Crittenden, 1965). The Alta stock covers roughly 10 km2 and lies
east and adjacent to the Little-Cottonwood stock. This shallowly emplaced stock has a
porphyritic central phase and a more equigranular border phase (Stearns et al., 2020) but both are
granodioritic in composition (Vogel et al., 2001). The stock contains plagioclase, K-feldspar,
quartz, hornblende and biotite with titanite, apatite and zircon as some of its accessory minerals
(Wilson, 1961; John, 1991). A U-Pb zircon age of 34.3 ± 1.5 Ma was published by Vogel et al.,
(2001). Using laser ablation U-Pb ages of zircon, Stearns et al. (2020) conclude the Alta stock is
composite in nature and that the intrusive history extends form ~35 to ~31 Ma. Surrounding the
stock, the contact aureole is marbleized and associated with boron metasomatism (Woodford,
2001). On the southern margin, the metasomatism is visible in Cambrian quartzite which hosts
an intermediate dike swarm. The Albion Basin portion of the dike swarm consists of more than
20 separate dikes ranging in lengths from 50-700 m and widths of 1-5 m. The Alpine dike swarm
consists of at least 8 dikes of comparable orientation, modal composition and widths. Moreover,
one dike in the Alpine dike swarm has a comparable modal composition and age as LittleCottonwood stock granodiorite. This dike is much larger than the more intermediate dikes and is
roughly 15 m wide. However, a majority of the dikes found in Alpine are intermediate and are
comparable with dikes from the Albion Basin.
We chose one characteristic dike from each swarm to do more complete comparisons in
terms of zircon ages and whole-rock and plagioclase compositions. CH-206 is an intermediatecomposition dike from the Alpine dike swarm (Figure 8). This dike is 5-7 meters wide, and
roughly 400 m in length. Orientation of dikes in the Alpine area have an average azimuth of 59°
E of N (n=150). The bulk composition of the dike is 59 wt% SiO2. However, it is altered and
brecciated, and forms depressions in the surrounding country rock. On the margins of the
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intruding dikes, marbleized limestone and bleached Oquirrh quartzite are more resistant to
erosion than the altered igneous dike. (Because of poor exposures at the time of mapping, this
dike was previously mapped as volcanic latite (Biek, 2006)). The dike has an
aphanitic/porphyritic texture and is phenocryst poor; the matrix that comprises 60% of the rock
and consists mostly of plagioclase. Phenocrysts include plagioclase, pyroxene, amphibole and
Fe-Ti oxides while accessory minerals include zircon and apatite. Many of the amphibole grains
contain fragments of pyroxene. However, the amphiboles are highly oxidized and are almost
completely broken down to oxidized secondary minerals. Many of these amphibole grains have
converted to pyroxene most likely due to the loss of water and pressure in transport from depth.
Moreover, chemical analysis of the amphiboles was attempted but was fruitless because of the
altered nature of the grains. Feldspars are altered partially to sericite, but where fresh, range from
An35 to An54 (Appendix A). CH-206, has substantially lower Mg, Cr, and Rb values than CH214. Moreover, CH-206 has much higher Ca and Sr values than CH-214. Other major and trace
element concentrations between the two dikes are very similar.
A dike from the Albion Basin swarm, CH-214, is very similar to CH-206 in appearance
but less altered. This dike is hosted in altered Tintic quartzite and is 5 m wide. Dikes in the
Albion Basin dike swarm have average azimuth of 47° E of N (n=434). It also has an andesitic
composition with 59% SiO2. CH-214 is aphanitic/porphyritic with a groundmass of plagioclase
and amphibole (or actinolite replacing hornblende) but more seriate. In thin section amphibole is
observed in three separate textures: phenocrystic, matrix, and in veins. It has phenocrysts of
plagioclase, amphibole and pyrite with accessory apatite, titanite, and very little clinopyroxene.
Most phenocrysts of plagioclase are slightly smaller than those in CH-206 and have been altered
by hydrothermal fluids of the metamorphic aureole and plagioclase compositions range from
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An18 to An44 (Appendix A) and scatter to more albitic compositions, up to Ab86. This dike,
which is in the metamorphic aureole of the Alta stock and is tough, intact and not brecciated.
Amphiboles in this dike have been altered to actinolite which contain high concentrations of Mg
and Cr.
Elemental compositions and zircon U-Pb ages were determined for both the Alpine dike
(CH-206) and the Albion basin dike (CH-214). Both dikes are andesitic with similar in
both major and trace element composition (Table 1). For example, Zr, a relatively immobile
trace element, concentrations are 249 vs. 235 ppm in the dikes. Heavy mineral separates from
each of these dikes yields only ~5% of the zircons that a more felsic dike produced from the
same amount of sample. The zircon grains from these samples are identical in appearance
(Appendix B); they are small, subhedral-euhedral, have very little to no zonation, and contain
multiple pits. We suggest that neither andesite dike was zircon saturated at time of emplacement.
Zircon-saturation temperatures calculated for these dikes range from 730-736° C (Watson and
Harrison, 1983). These temperatures are much too low for andesitic magma; at a more
reasonable temperature of 900°C, a Zr concentration >2500 ppm is needed to reach zircon
saturation in such silica-poor magma. Therefore, the zircon is likely xenocrystic and does not
record the age of emplacement. Indeed, both CH-206 and CH-214 contain zircons with a range
of ages similar (34 to 1350 Ma) to those of the surrounding country rocks (Dehler et al., 2010;
Spencer, 2012). Age probability curves (kernel density estimates) calculated with IsoplotR
(Vermeesch, 2018) for the zircons in these two samples are compared in Figure 9. The
distributions of the ages are similar and clearly indicate that the zircon suite includes many
xenocrysts.
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The younger (<40 Ma) U-Pb age spectra for the dikes are shown in Figure 10 and
compared with other intrusive rocks in the area. The youngest zircons (n= 5, N=22) in the Alpine
dike, CH-206, range from 40 to 34 Ma and lie within the reported range of U-Pb zircon ages of
the Alta stock and other igneous rocks of the Wasatch Igneous Belt (35 to 31 Ma; Vogel et al.,
2001; Smyk et al., 2018; and Stearns et al. 2020). A few grains (n=17) are even older. Similarly,
the youngest zircon ages from CH-214, from Albion Basin, span this same range (Figure 10). In
short, the U-Pb ages of the zircons are xenocrystic and consistent with the notion that the two
dikes are part of the same swarm and may correlate with one another.
We also sampled a dark phaneritic boulder of granodiorite from an alluvial horizon
(Appendix F). Zircons extracted from one of these cobbles yielded a simple spectrum of U-Pb
zircon ages with a weighted mean of 35.7 Ma ± 0.4 Ma (CH-208; Table 2). The age, whole-rock
composition and mineralogy of the cobbles are unlike the adjacent Little-Cottonwood stock, but
are consistent with being derived from the Alta/Clayton Peak Stock ~16 km to the NE.

Miocene to Oligocene Alluvial Fan Deposits
Alluvial fan deposits in the East Traverse Mountains are notable in several regards. First,
they are unconsolidated, much like Quaternary deposits that formed recently. There is no
evidence that an overlying unit ever covered them, yet they are Miocene to Oligocene in age and
correlated with the Tibble Formation (Constenius et al., 2003; Biek, 2006). They contain clasts
of mostly cobble- to pebble-size orthoquartzite and calcareous sandstone that have the
appearance of Oquirrh Group rocks. The pebbles are subangular and include minor volcanic
clasts and rare limestone clasts. Clasts of the of Little-Cottonwood stock are conspicuously
absent (Biek, 2006).

19

Bedding attitudes are poorly expressed, but a brecciated outcrop reveal beds of cobble- to
pebble-size clasts of orthoquartzite and calcareous sandstone and grussified volcanic rocks (Biek
2006). These beds dip ~20° to the east and are important in reconstructing the structure of the
East Traverse Mountain block (Appendix C).
Miocene Salt Lake Formation
During the Miocene, a shallow lake deposited tuffaceous marlstone, micrite and lesser
limestone and chert in Utah and Salt Lake valleys to form the Jordan Narrows unit of the Salt
Lake Formation which dips ~11 to 20° east (Biek, 2005b). Near the top of this unit, ~1 meter of
fallout tuff accumulated that Naeser et al. (1983) dated using zircon fission track methods to be
6.5 ± 0.5 Ma (Figure 11). To determine the age of the lake deposits more precisely, we dated
zircons using LA-ICPMS techniques (Jordan et al., 2018). The weighted mean age was 6.72 ±
0.13 Ma. This age, as well as glass and plagioclase compositions, are indistinguishable from one
of the well-characterized eruptions from the Yellowstone hotspot system, the 6.62 Ma Blacktail
Creek Tuff eruption (Bolte et al., 2015; Jordan et al., 2018). The Jordan Narrows unit is at least
500 m thick with this ash layer sitting about 20-30 m below the base of the overlying Camp
Williams unit and dips ~18° to the east
The basal part of the Camp Williams unit is a conglomerate with cobbles of Oquirrh
quartzite, volcanic rock and rare green quartzite (Slentz, 1955; Biek, 2006b). The Camp
Williams unit has a slight angular unconformity with the Jordan Narrow unit (5°). Our inventory
of about one hundred cobbles and pebbles at the base of the Camp Williams unit along the
Jordan Narrows parkway trail (Appendix E) shows they are either volcanic (~30%) or are
Oquirrh quartzite (~70%). Less than half of the Oquirrh clasts are rounded, but friable
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(Appendex C). The friable clasts break during excavation of the conglomerate or break easily
when hit with a hammer. The remaining cobbles and pebbles are well-indurated quartzite.
It appears that after 500 meters of quiet lake deposition of fine-grained marlstone and
limestone of the Jordan Narrow unit, a change occurred about 6.5 Ma to produce an
unconformable sequence of coarse conglomerate of Oquirrh and volcanic rocks.

Quaternary-Tertiary Alluvium
In the eastern corner of the East Traverse Mountain, a perched Quaternary-Tertiary
alluvium found in Alpine, has been mapped in small areas overlying the Oquirrh Group rocks
(Biek, 2006). We found additional evidence of older alluvium and investigated to see if they
could provide more clues about the rocks that were being eroded as source material for the
alluvial fan unit to the west. For example, we found an area that was rich in cobbles of quartzite
and marble (Appendix D), which is unlike anything that we had previously encountered in the
East Traverse Mountains. They are finely-laminated, well-indurated quartzite preserving
rhythmic and cyclic sedimentary structures that may be Precambrian Big Cottonwood Formation
(Chan, 1993) abundantly exposed over 10 km to the NE.

Opalite
Associated with, but separate from the pebble dikes and chalcedony veins, opaline rocks
or “opalite” formed in altered volcanic rocks on the southwest side of the East Traverse
Mountains at low elevations as well as on the silicified center of the range (Marsell, 1932; Biek,
2006). Samples of opalite and float were taken from the southside of the block where small
scattered areas of opalized volcanic rock are found. These rocks are mostly colorful jasperoid or
common opal and formed in at least 2 generations. Colors range from white to yellow to deep
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red. There is a strong tendency for opal to form along the most prominent faults in the center of
the East Traverse Mountains (Marsell, 1932). This U-bearing common opal is enriched enough
in uranium to be used for U-Pb age determinations and there is a correlation between UV light
brightness and U enrichment (Appendix G, Christiansen, personal communication, 2020; Chris
Spencer, personal communication, 2018). Opal can form in veins and fractures at very low
temperatures as water fills voids with silica (Amelin and Back, 2006). This is especially common
in altered tuffs and mineralized rhyolite lavas (Ludwig et al., 1980). U-Pb age dating of opals
have become common place to ascertain timing of events, specifically surface related events
(Ludwig et al., 1980; Neymark and Paces, 2000; Nemchin et al., 2006). Consequently, U-rich
opal was analyzed for U-Pb ages at Curtin University which had the appropriate standards for this
work and produced an age of 6.1 ± 0.9 Ma (Jordan et al., 2017; Chris Spencer, personal
communication, 2018).

Breccia, Cataclasite, Mylonite and Pseudotachylyte
Breccia, cataclasite, mylonite, and a few thin bands of pseudotachylyte from a “damage
zone” that has been found along the southern margin of the Little-Cottonwood stock (Evans et al.,
1997; Szymanski, 1999; Bruhn et al., 2005). Breccia and cataclasite lie at the current surface of
the Little-Cottonwood stock extending from the base of the mountain to 1-2 km up the mountain
side with a thickness of 20 m to >200 m. This damage zone of Little-Cottonwood stock dips
approximately 20-25° at Corner Canyon with slickenlines suggesting a SW or WSW direction of
movement (Bruhn et al., 2005). The breccia in the damage zone is comprised of large rotated
blocks with slickensides on one or two sides. Bruhn et al. (2005) identified three successive
zones of deformation and alteration of Little-Cottonwood stock near the junction of the Wasatch
fault and Fort Canyon fault at Corner Canyon. These W to E zones grade from fault
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breccia, pseudotachylyte, phyllonite, large striated slickensided surfaces near the fault to oriented
quartz filled fractures to eventually undeformed granodiorite. The shear and brecciation were
attributed to slip on the Wasatch Fault. However, the dip of this damage zone seems to be
somewhat low for an exposed surface of the Wasatch Fault zone. Dips of 26-70° are generally
cited for average fault dips on the Wasatch Fault near surface exposures with a preferred fault
dip of 55° W (Zoback, 1983; Harris et al., 2000; Wong et al., 2002; Chang et al., 2006).
Pseudotachylyte is a dark glassy vein-filling rock that forms at impact craters, in fault
core zones, and has recently been found at the base of massive landslides (Hacker et al., 2014).
Pseudotachylyte in Corner Canyon area formed along the Fort Canyon/Wasatch fault juncture and
is currently the only reported occurrence of pseudotachylyte along the Wasatch fault. Here, small
seams of pseudotachylyte are found on the slip surfaces in the deformed greenish-gray
granodiorite of the Little-Cottonwood stock. Purported shear surfaces and orientation of
slickenlines preserved on the mylonite/phyllonite are W-SW (Bruhn et al., 2005; Figure 12).
Pseudotachylyte forms thin schlieren like sub-horizontal sheets embedded in cataclasite fabrics. It
is gray to black and the seams are1 mm to 10 mm thick. The groundmass of the pseudotachylyte
is very fine grained and may surround rounded-euhedral survivor quartz grains with minimal
amounts of epidote growth. Microfaults are visible throughout along with chilled margins
(Figure 13).
Pseudotachylyte and cataclasite also occur near Horsetail Falls in Dry Creek Canyo n. In
the lower end of the canyon, it forms a topographic plateau because it is more resistant to
weathering and erosion than the surrounding undeformed Little-Cottonwood stock (Figure 1,
Appendix H). Pseudotachylyte is less common and cataclasite and breccia dominate altered rocks
containing chlorite, sericite and epidote. The first occurrence of pseudotachylyte in Dry Creek
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Canyon is 1.35 km east of the Wasatch fault and pseudotachylyte continues intermittently with
cataclasite and breccia for another 1.7 km to the east. These outcrops are not spatially associated
with the Wasatch fault, or with the inferred Deer Creek detachment fault. In the Dry Creek
Canyon vicinity, the pseudotachylyte and cataclasite are part of the discontinuously preserved
breccia, 50 to 200 meters thick, which sits atop the inferred upper portion of the pluton’s
southeastern margin. The breccia rocks are randomly rotated, broken by shear and contain
slickensided surfaces. However, there is an overlying orientation of the pseudotachylyte veins
and slickenlines that are striking W-SW. The underlying Little-Cottonwood stock is undeformed
and unaltered. Wispy seams and veins of pseudotachylyte are 1mm to 3cm thick and are green to
dark purple in color and are glassy (devitrified) with schlieren-type textures (Figure 13). In thin
section, grains are broken by shear, plagioclase grains are completely shattered, and the
groundmass is fine grained. The groundmass is not as comminuted as at Corner Canyon.
Equigranular quartz grains make up most of the groundmass. Phenocrysts of quartz are strained,
fractures in K-feldspar and plagioclase are filled with silica and remaining biotite is partially
chloritized. Also, there is fine grained sericitization of feldspars. Pseudotachylyte along Dry
Creek Canyon is less common than cataclasite and commonly form small veinlets and grades to
ultra-cataclasite to cataclasite. However, in some samples, partially melted quartz grains are
visible, trapped within these veins that are 10-30 mm thick. Most samples have large areas, 15
mm to 40 mm of cataclasite surrounding the pseudotachylyte veins which are light to dark green.
These outcrops occur near the top of the inferred Little-Cottonwood stock pluton in Dry Creek
Canyon (Figure 1).
Pseudotachylyte, cataclasite, and breccia also crop out near the summit divide between
American Fork Canyon and Dry Creek Canyon (Figure 1) which exposes the intrusive contact of
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the Little-Cottonwood stock and the limestones of the Mississippian Doughnut Formation. Here,
a low-angle fault underlies a block comprised mostly of brecciated granodiorite and limestone
(Crittenden, 1968). Below this zone of breccia, the granite is generally intact and
pseudotachylyte and cataclasite form veins that are generally only a few centimeters thick, but
quickly expand to almost 0.6 m thick (Figure 14). These veins are near the upper contact of
Little-Cottonwood stock and capped by the Doughnut Formation. Veins of cataclasite are only
found within the granite for several meters below the contact with the Doughnut Formation and
likely formed due to the amount of biotite in the Little-Cottonwood Stock. In this zone,
pseudotachylyte/cataclasite veins are over 100 m long, and they pinch and swell and have an
azimuth dip of 235°. It is very common to find parallel veins for tens of meters (Figure 14).
On the SE side of Little-Cottonwood stock, mylonite forms a west-dipping ductile shear
zone on the western wall of the Silver Lake cirque, 1.4 km NE of the prementioned exposures
along the divide (Constenius, 1998; Syzmanski, 1999). This ductile shear zone also involves
granodiorite of Little-Cottonwood stock and the Doughnut Formation. This mylonite is 0.5 to 5
m thick and has ductile shear structures (Sheath folds, foliation planes and curvilinear lineations)
indicating east-west displacement (Syzmanski, 1999). It is strongly foliated, and completely
mylonitized with no remaining porphyoblasts (Szymanski, 1999). The orientations of these
relatively high temperature features are very similar to those of the summit divide
pseudotachylyte and dip to the WSW (Figure 15).

Eastward Tilt of East Traverse Mountains
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The orientation of stratigraphic units in the East Traverse Mountains suggest an eastward
dip for the entire mountain block (Figure16). We found only one reliable outcrop of, fine-grained
alluvial fan sediment in the Tibble Formation; it dips 20° toward 070° (Biek, 2006; Appendix C).
Most of the eastward tilt of the sediments was likely created in the last 6 Ma as the East Traverse
Mountain block down-faulted 2-3 km and rotated on a listric fault bounding Utah Valley. In
addition, lake beds of the Miocene Salt Lake Formation on the western flank of the East Traverse
Mountains dip eastward (~18° toward 095°). Consequently, we constructed an east-west cross
section parallel to this dip direction (Figure 16) showing our interpretation of the structure.

DISCUSSION
In the discussion section, we take the evidence presented so far on the nature of mountain
range and surrounding areas to construct an interpretation of the origin of the East Traverse
Mountains as a mega-landslide. We hypothesize that East Traverse Mountains area 1-2 km thick
mass that moved catastrophically 16 km in a SW-NE direction at a velocity to produce
pseudotachylyte. Moreover, structures formed before emplacement of the slide block (pebble
dikes, intermediate dikes) were transported with the landslide. Brecciated Oquirrh Group formed
in response to the sliding. Opalite and chalcedony along faults, formed immediately after the slide
event with ensuing hot spring activity.
Formation of Breccia, Cataclasite, Mylonite, and Pseudotachylyte
The highly fractured condition of the Oquirrh Group rocks (70-80% minus 1-inch
material), that comprise ~90% of the East Traverse Mountains, is the most compelling evidence
of its landslide origin. This fracturing is present throughout the block from the western end of the
mountain range where it is exposed in active aggregate quarries to the eastern end where igneous
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dikes and their Paleozoic wall rocks are also brecciated. Only one of the eastern dikes had clasts
large enough to yield thin sections. The other phaneritic dikes were broken to granules. We
suggest that intense brecciation formed during sliding (Appendix I). The two stratigraphic units
above the Oquirrh Group, argillized Oligocene volcanic rocks and the Tibble Fork Formation,
are less highly fractured and contain blocks 1 meter or more across. We interpret them to have
been in the upper part of the landslide. Argillized matrix and fine-grained sediments allowed
some large blocks to persist through 16 km of transport. Even today, they are highly susceptible
to mass wasting (Hoopes et al., 2014).
Bruhn et al. (2005) and Evans et al. (1997) attributed the formation of breccia, cataclasite,
and pseudotachylyte along the margin of the Little-Cottonwood stock to friction generated along
Wasatch or Deer Creek Faults (Figure 1). Bruhn et al. (2005) identified three zones of alteration
and if these zones were developed by successive rupturing events along a low-angle fault,
multiple cross-cutting zones might be expected; nothing like that occurs, just pseudotachylytecataclasite capping the other two zones. In addition, the thickness of breccia (>200 m) is
uncommon for the Wasatch Fault. Notably, newly discovered outcrops of breccia, cataclasite and
pseudotachylyte occur sporadically from 1.5 km to over 3 km away from the range-bounding
fault making the association with the fault uncertain. Lineations formed in the breccia by 16 km
of transport, typically dip at less than 10° to the WSW (Figure 1). With continued uplift of the
Little-Cottonwood stock, and displacement along small unmapped faults, these breccia outcrops
may have been tilted, disrupted by faulting, and partially eroded so they no longer form a
continuous surface. Moreover, cataclasite and pseudotachylyte are not restricted to the vicinity of
the Wasatch Fault, but extend discontinuously through Dry Creek Canyon and to Silver Lake
cirque—a distance of ~10 km.
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Subhorizontal cataclasite and pseudotachylyte veins dip gently to the SW. Cataclasite
veins and wider zones lie at the base of a large brecciated fault block of Little-Cottonwood stock
and Doughnut Formation. Similar structures are common in large 1000-ton blocks that fell away
from the base of pseudotachylyte and slid downhill (Appendix J). The low-angle fault zone
preserves a record of the cataclasite/pseudotachylyte development and the original dip of the
slide even though it has been elevated by subsequent uplift of the Wasatch Mountains (Figure
15). The mylonitic shear zone described by Szymanski (1999) in the Silver Lake cirque was
originally interpreted to be related to the emplacement of the Little-Cottonwood stock, but its
structural similarity and proximity to the pseudotachylyte/cataclasite of the landslide zone of
gauge suggest the shear could have remobilized as part of the detachment surface for the slide.
In short, our interpretation of these relationships is that extensive brittle brecciation of
both igneous and sedimentary rocks is the results of 16 km of westward sliding and that the
cataclasite and pseudotachylyte resulted from the frictional heat of sliding dissipated along
multiple planes near the base of the large landslide. Moreover, the broad area of SW directed
slickenlines on the Little-Cottonwood stock (6.5 km from Cherry canyon across to Dry Creek
Canyon and another 10 km to Silver Lake; Figure 15) suggests that the roof of the LittleCottonwood stock slipped down as one rapid slide event, as the coherent stratigraphy of the East
Traverse Mountains confirms.
Dimensions. The size of the landslide is estimated by measuring the mountain range’s
aerial extent and accounting for burial of its northern and southern flanks by Pliocene and
younger sedimentary graben fill (Figure 1). The inferred area is shown in Figure 1 and is 62 km2.
The thickness of the putative slide is poorly constrained; the base is obscured by Pliocene
sediments and by Quaternary Lake Bonneville sediments. Based on the inferred dip of the block
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and other relations shown in the map and cross section (Figures 1 and 16), it may be about 1-2
km thick. We estimate the total volume of the East Traverse Mountains mega-landslide is
between 90 and 100 km3, but could be thicker or broader.
Comparisons. Sometimes called “frictionite”, pseudotachylyte is generated by frictional
melting along faults with rapid offset (Spray, 1997). Pseudotachylyte is common along faults,
both high and low angle faults, but rarely develops in landslides. It has formed in massive
landslides such as in the Marysvale Gravit y Slide Complex, (MGSC, 2000 km3).
Pseudotachylyte-like injectites in carbonates in the Heart Mountain Gravity Slide, Montana
(HMGS) (2000 km3), which are, 20-50 times larger than the East Traverse Mountains landslide.
These occurrences require rapid slide speeds for frictional melting at surficial temperatures.
Heart Mountain probably achieved speeds of 150 km/hr that produced enough frictional melting
for injectites of ultracataclasite in the carbonate rocks to form. Pseudotachylyte was not formed
due to the lack of silica, but similar structures were produced. (Beutner and Gerbi, 2005;
Craddock et al., 2012). Jiang et al. (2015) demonstrated that pseudotachylyte/ultracataclasite
development is fundamentally related to the mineralogy of the material that is being heated by
friction along the slip plane, and not just to the speed and mass of the slide block. If a hydrous
mineral such as biotite, is present then temperatures at which the material melt is reduced
substantially compared to anhydrous rocks. Jiang et al. (2015) also demonstrated that frictional
melting is a disequilibrium process in which the lowest melting point phases like biotite melt
first (∼800 ◦C). Their model predicts that the composition of frictional melts evolves with slip
time: the longer the slip, the more the melt composition converges toward the bulk rock
composition of the host. In their experiments, biotite melts first, followed by plagioclase, and
then quartz; but quartz is rarely melted completely (Figure 12). Pseudotachylyte from Corner
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Canyon has certain veins with partially melted quartz showing the requisite heat produced by
friction (Figure 17). Pseudotachylyte at Corner Canyon and Dry Creek Canyon are encased by
phyllonite with sericite, chlorite, epidote (Figure 12). Biotite was part of the cataclasite, or a
precursor to some phyllonite minerals. Clearly, the East Traverse Mountains slide, which
transects biotite and hornblende bearing granodiorite, had an advantage that the much larger
HMGS did not – which was the presence of hydrous minerals. The East Traverse Mountains may
be much smaller than the MGSC, but another landslide of comparable size (Arequipa, Peru) also
has documented pseudotachylyte and biotite in the slide material (Legros et al., 2000).
Mylonite on the western wall of Silver Lake cirque was 40Ar/39Ar dated using whole rock
and produced a complicated age spectrum with incremental ranges ranging from 20 Ma to 27 Ma
with a reported age of 27 ± 0.1 Ma taken from a small “plateau” of high temperatures from white
micas in the mylonite (Constenius, 1998). An aplite beheaded by the shear zone has a similar age
spectrum but the lowest temperature increment is 18 Ma. Due to the complex nature of the
mylonite, incomplete resetting of the whole rock Ar age by a much younger thermal event (East
Traverse Mountains landslide) is possible. These ages, which are 13 to 21 Ma older than the
timing of slide event, could have been set during the intrusion of the Little-Cottonwood stock.
Then, this E-W trending fabric may have been reused to slip again when this mylonite was
elevated from depth to within 1-2 km of the surface. We suggest that the pseudotachylyte near
Silver Lake and the zone of mylonite, which is located just 1.4 km NE of the nearest
pseudotachylyte and cataclasite (Figure 1), are related by this unroofing event. Orientation of
these veins and the nature of surrounding rocks are very similar, however, more research is
needed to understand the correlation of the mylonite to the pseudotachylyte.
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Just 20 km south of the East Traverse Mountains, another large landslide has been found
in the Wasatch Mountains. Big Baldy, above the city of Pleasant Grove, is a 6 km3 landslide
block consisting of Oquirrh Group carbonates and quartz arenite sandstone and was emplaced as
a coherent block (Meyer and Harris, 2020). This landslide may have been assisted by the
presence of a weak underlying Manning Canyon Shale, which is associated with fault
detachments and produces regional landslides and topographic erosion benches (Meyer and
Harris, 2020).
In 2013, a significant landslide occurred on the western wall of the open pit copper mine
at Bingham Canyon consisting of 65 million cubic meters of material that slide at a maximum
observed speed of 160 km/her (Pankow et al., 2014). This landslide also occurred in Oquirrh
Group quartzites/carbonates, which is the most prominent rock type in the upper Wasatch Range.
Notably, it is also the main lithology for Big Baldy and East Traverse Mountains.
The East Traverse Mountain breccia is similar in some ways to that identified by Morris
and Hebertson (1996) in the Basin and Range of central Utah where they are interpreted to have
formed as large rock avalanches derived from the rising Canyon Range accompanying Basin and
Range rifting and normal faulting. In this example, large breccia blocks (to as much as 3.5 km
long, 1 km wide and 200 m thick) consist of detached blocks of Paleozoic carbonate and
quartzite. The breccia clasts in the Canyon Range landslide range from 5-20 cm in diameter with
the largest fragments found farther from the toe of the slide. In contrast to East Traverse
Mountains, these breccias are relatively coherent. After rapid failure and emplacement, these
blocks of quartzite breccia were pervasively cemented with silica (Morris and Hebertson, 1996).
Their model suggests that the high relief caused by rifting, tilted strata, and gravitational
potential, could be causes for failure.
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Landslides of all sizes are common in the Basin and Range province as shown in recent
compilation of landslides in Nevada (Sturmer and Micander, 2020). Over 500 landslides with
volumes of > 1 km2 or more have been identified.

Mineralized Pebble Dikes with Clasts from Three Intrusions
Many porphyry Cu-Mo deposits form pebble dikes as an integral part of the
mineralization process. They can occur near the end of mineralization such as in El Salvador
(Gustafson and Hunt, 1975) or earlier, in the East Tintic Mountains (Johnson, 2014), and bring
rounded fragments of the porphyries and country rock to shallow levels of the system. They are
produced by the mobilization of phreatomagmatic fluids flashed to steam, fragmenting the
surrounding country rock and rounding clasts by thermal spallation or abrasion during transport.
In porphyry copper deposits, such as the El Salvador deposit in Chile, pebble dikes bring
mineralized fragments up from depths of over 5 km to near-surface levels, and pebble dikes
become more abundant at shallower levels (Gustafson and Hunt, 1975). The world’s second
largest porphyry Mo deposit is in Henderson Colorado in the tops of the Rocky Mountains (3900
m). It has well-exposed pebble dikes with several generations of radially and concentrically
distributed rhyolite and pebble dikes emanating from a magmatic center (Mercer et al., 2015).
Marsell (1932) had found one pebble dike in the East Traverse Mountains and felt that
the granite fragments in the one pebble dike were identical to those in the Little-Cottonwood
stock and concluded that there must be a granitic mass underlying the East Traverse Mountains.
(Marsell, 1932). However, we have proposed that the source intrusion is the Little-Cottonwood
stock and which the East Traverse Mountains were its pebble-dike intruded lid before
catastrophic displacement.

32

In the late 1950s, a porphyry Mo deposit was discovered, explored and drilled in White
Pine Canyon of the Little-Cottonwood stock (Buranek, 1957; Sharp, 1958). It is the smallest
porphyry Mo deposit in western North America in Krahulec’s (2015) tabulation, with a total
resource of 16 million tons at 0.1% Mo (Bromfield and Patten, 1981). Even though it is small, it
has distinctive alteration and mineralization features expected with a porphyry Mo deposit
(Jensen, 2019) including quartz-sericite-pyrite alteration and at least one pebble dike proximal to
the mineralized breccia pipe.
The work of Jensen (2019) details the evidence that the pebble dikes in the East Traverse
Mountains contain clasts from the three different intrusive units found in White Pine Canyon 16
km to the NE (Figure 6). Titanite compositions are distinct in the three units and support this
conclusion (Martin et al., 2018). As a result of this interpretation, we conclude that the East
Traverse Mountains contains the top of the mineralized system complete with pebble dikes,
silicification, and epithermal alteration, while the White Pine Canyon area is the mineralized
lower portion of the system. U-Pb ages, textures, whole rock compositions and molybdenum
mineralization of the pebbles have been investigated in detail (Jensen, 2019; Christiansen,
personal communication, 2020). We present a synopsis here, complete with a cross section of
how and when the system was bisected by a catastrophic landslide, but the reader is referred to
these companion articles for more details on petrogenesis and U-Pb ages of the plutons.
Fragmented pebble dikes in the East Traverse Mountains are documented surrounding the
silicified center, enveloped by a large halo of argillically altered volcanic rocks (Figures 6 and
16). No intrusion or dike in the East Traverse Mountains protrudes from the ground unless it has
been well silicified.
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Correlation of Alpine and Alta/Albion Basin Areas
The Albion Basin dike swarm is bounded on the west by the N-S Silver Lake/Superior
Fault system which has 1500 m of stratigraphic separation (Figures 1, 16 and 17). The 1500 m of
offset appears to have created a source for conglomerates of the Tibble Formation from the
highlands east of the fault to cover Oligocene volcanic rocks west of the fault which is now
found in the East Traverse Mountains (Figure 18). We speculate that the block containing dike
rocks near Alpine, slid from the area east of the Silver Lake Fault and contains the truncated
upper part of the fault (Figure 5).
As stated previously, we carefully investigated samples of two dikes, CH-206 and CH214. Another parallel dike in the Alpine swarm has a Little-Cottonwood stock composition and
U-Pb zircon age of 30 ± 0.21 Ma (CH-205; Figure 10; Table 1). The swarm of dikes between the
two plutons was a zone of intense hydrothermal alteration and mineralization for at least 10 Ma
(Stearns et al., 2020). The width of marble and skarn surrounding many of these dikes is
impressive in the Alpine area – even after brecciation. Not surprisingly, the area of intense dike
intrusion was probably the future breakaway zone of the slide (Figures 1 and 5).
Compositionally, these two dikes have very similar major and trace elements modal
percentages (Table 1). However, a few major and trace elements, namely: Mg, Ca, Cr, Rb, Sr
vary between the two samples. Hydrothermal alteration of CH-214 can account for the variation
seen in these modal percentages between the two samples (Table 1). Plagioclase crystals were
analyzed using an electron microprobe to determine the sodium, calcium and potassium content
of these dikes. The plagioclase in the Alpine dike (CH-206) ranges from An35 to An54 and in
the Albion basin dike (CH-214), range from An18 to An44. It appears that metamorphism in the
Alta aureole albitized the plagioclase of the lower portion of the dike swarm (CH-214) while the
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top of the swarm (represented by CH-206 with “normal” plagioclase compositions) was
unaffected. This alteration may also explain the different concentrations of mobile Sr and Rb in
these two samples (Table 1). Altered CH-214 has lower Sr and higher Rb as a result of the
albit ization (Table 1). The metamorphic aureole of the Alta stock produced B/Mg metasomatism
in these dike and surrounding area and evidences of this can be observed as well in the elemental
concentrations (Appendix K). Albion Basin dike CH-214 contains higher Mg and Cr values than
CH-206 due to the alteration of amphibole grains to actinolite. These actinolite grains contain
high concentrations of Cr that could account for higher Cr values in CH-214. Moreover, the
B/Mg metasomatism is responsible for higher Mg values in the Albion Basin dike as well.
We interpret that the Albion Basin dike swarm and Alpine dike swarm are part of the
same system of dikes and are from the same source. The dikes in alpine represent the upper
portion of the system and underwent venting, and brecciation. The Albion Basin dikes represent
the lower portion and were hydrothermally altered by the metamorphic aureole and B/Mg
metasomatism of the Alta stock. Moreover, U-Pb ages show a similar story. CH-206, (Alpine)
has a zircon U-Pb age of 35.1 ± 0.7 Ma, while CH-214 (Albion Basin) is 34.1 ± 0.4 Ma. Zircon
grains appear similar in both samples; no zonation, pits, small, and subhedral-euhedral. Likewise,
the average strike of the dikes in the swarm in the Alta/Albion Basin area is 047° and the average
strike of the preserved dikes in Alpine is 059°. If the correlation is correct, this rotation of 12°
clockwise between Alta and Alpine could be caused by rotation of the mountain block during
sliding.

Unroofing the Pluton and Resultant Cooling
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If the roof-zone of a pluton is removed catastrophically, rather than incrementally by
erosion, what geochronological evidence might be left behind? Kowallis et al. (1990) and
Armstrong et al. (2003) collected fission track data from the central Wasatch Igneous Belt
spanning a 35 km E to W transect in an effort to document the rate of exhumation of central
Wasatch Mountains. Zircon fission track ages decreased from east to west along the transect,
declining from ~35 Ma (age of the intrusions) to 9 Ma close to the Wasatch Fault (Figure 19;
Armstrong et al., 2003). Apatite fission track ages diverge from the zircon ages, especially 15-20
km from the Wasatch Fault in the Little-Cottonwood stock because of their lower annealing
temperatures and consequently lower ages. Apatite fission track (AFT) ages are also significantly
different in the Little-Cottonwood stock than in the intrusions to the east. The AFT ages decrease
from east to west across the pluton ranging from ~10 to 4 Ma with a prominent mode in age at
about 6 Ma (Figure. 19; Armstrong et al., 2003). (U-Th)/He ages for apatite also decline from
about 8-6 Ma (east) to 6-4 Ma (west). Modeled temperature history plots show rapid decreases in
temperatures (~150° to <75° C) from 10 to 5 Ma (Figure 19). East of the Silver Fork Fault, the
cooling histories are very different and this abrupt change in cooling rates is not obvious (e.g.,
sample 9815; Armstrong et al., 2003). These thermal histories, based on fission track lengths, are
in accord with the apatite fission track and (U-Th)/He ages in showing rapid cooling of the
Little-Cottonwood stock about 6 Ma.
Moreover, Armstrong et al., (2003) analyzed Little-Cottonwood stock rocks in Dry Creek
Canyo n and apatite fission track analysis produced ages of 4.9 ± 1.6 Ma and 7.9 ± 2.4 Ma on two
samples occurring 7 and 9.5 km respectively up the canyon from the Wasatch fault. These
samples lie in our proposed slide path of the East Traverse Mountains landslide and could have
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slightly younger cooling ages due to removal of landslide material bringing these rocks close or
at the surface.
Overall, we suggest that the apatite cooling ages from the Little-Cottonwood stock
represents not just tectonic unroofing, as interpreted by the authors, but catastrophic unroofing in
a single landslide event. The study from Armstrong et al. (2003) also concluded that there is 3.5
km of differential exhumation across the Silver Fork Fault system yet there is only 1.5 km of
stratigraphic offset, thus about half of the exhumation is unaccounted for by faulting. Armstrong
(2003) concluded that an unroofing event or rapid exhumation on the western portion of the
Little-Cottonwood stock started 10-12 Ma or later. We suggest that the landslide produced this
rapid exhumation signature.
The AFT ages of the apatite at around 6 Ma could represent roughly the age of the
unroofing of the Little-Cottonwood pluton as a massive landslide. This landslide could account
for the rapid change in cooling for this section of the Little-Cottonwood stock.
Armstrong et al., (2004) reported exhumation rates on the Wasatch range as a whole are
0.2-0.4 mm/yr. whereas on the southern end of Salt Lake City segment of the fault, adjacent to
the Little-Cottonwood stock, exhumation rates are more than doubled at 0.6-1.0 mm/yr. This
change in exhumation rate could be due to a massive landslide removing 1-2 km of rock in the
area of the Little-Cottonwood stock.

Slide Path, Uncertain Boundaries, and Direction of the Landslide
The slide path is very difficult, if not almost impossible, to determine due to the amount
of glacial and fluvial erosion in the higher elevations after removal of the landslide block.
However, relics of the inferred slide path remain in a few locations as shown by occurrences of
pseudotachylyte and breccia in Corner Canyon to Dry Creek Canyon and to Silver Lake (Figure
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1,17). Moreover, directions of slickenlines indicate direction of landslide movement – WSW in
the lower portions of the Little-Cottonwood stock near the Corner Canyon area (Bruhn et al.,
2005) and SW in the upper reaches of Dry Creek Canyon (Figure 14). The pseudotachylyte near
the summit divide of Dry Creek Canyon marks the eastern-most base of a block that may not
have moved kilometers, but was consanguineous. It may have been connected to the landslide
sheet initially, but was left behind as the rest of the sheet travelled an additional 16 kilometers to
the valleys. This thick seam of pseudotachylyte, is preserved in an isolated low-angle fault with
an ill-defined base. The fault dips slightly to the WSW with Little-Cottonwood stock
granodiorite located above the fault broken into breccia while the underlying rock is less
deformed (Figure 1, Appendix J). This damage zone is composed of broken blocks of LittleCottonwood stock and overlying Doughnut Formation. Both rock types are brecciated, but only
the granodiorite contains the pseudotachylyte/cataclasite seams. The Doughnut Formation lacks
biotite which is an important mineral for the formation of these melt-generated rocks as
mentioned above (Sibson, 1975; Jiang et al., 2015).
The small area of in-place material above the pseudotachylyte seam could represent
material left behind, or to the side, as the landslide slid out to the valley. As the top 1-2 km of the
material overlying the Little-Cottonwood stock was decapitated, and slid toward the valley, the
landslide block encountered the topographic high of then Box Elder Peak and was diverted,
rotating slightly clockwise and leaving behind a internally deformed block roughly 3 km2 in size,
protruding from Box Elder Peak. The slide brecciated the underlying Little-Cottonwood stock,
and traveled at landslide rates towards the valley. This impact with Box Elder Peak may have
nudged the slide mass about 12° clockwise, more towards the west, explaining the reorientation

38

of the Albion basin dikes and White Pine pebble dikes now found on the allochthonous East
Traverse Mountains.
The area of the source can be approximated by the present shape of the East Traverse
Mountains landslide block. However, the true footprint of the East Traverse Mountains slide
source in the Wasatch Range may be somewhat greater than the currently visible part of the
landslide in the East Traverse Mountains, because most of the margins of the East Traverse
Mountains are covered by younger alluvium and in particular by Lake Bonneville sediments.
These Lake Bonneville sediments that form broad terraces, were cut by the lakes on the north
margin (Figure 2), because of fracturing to minus 1-inch material (70-80%). Therefore, the
landslide deposit may be somewhat larger than the source because of spreading and thinning
during its less-confined path to the valley.

Matching of Multiple Features from Two Terrains – Not Just Two Dikes
The ultimate basis of this mega-landslide proposal does not rest only on matching the
tops and bottoms of two dike sets, but many other features can also be correlated from source to
resting place. For example, the pebble dike in White Pine Canyon is adjacent to a breccia pipe
that contains ore-grade molybdenite mineralization. Surrounding the breccia pipe are several
square kilometers of quartz-sericite-pyrite (QSP) alteration in the White Pine intrusion.
Fragments of the QSP altered rocks as well as molybdenite, uranothorite and green titanite are
found in dikes in the East Traverse Mountains as well as within the White Pine intrusion (Jensen,
2019; Figure 6). In many porphyry deposits, an argillic alteration zone forms above and beyond
the pluton-centered Mo-mineralization and QSP alteration; alteration commonly extends into
volcanic cover. A detached version of the White Pine argillic zone seems to be preserved in the
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East Traverse Mountains. Here the lower temperature argillic alteration has a silicified core and
covers an area of ~6 km2 (Figures 1 and 16). The radial swarm of at least 23 pebble or breccia
dikes intrudes several square kilometers of the argillically altered volcanic rocks. These pebble
dikes appear to have transected at least 3 km (based on stratigraphic restorations above the LCS
complex, Jensen, 2019) and carried clasts of the distinctive Little-Cottonwood stock, White Pine,
and Red Pine phase to provide an unmistakable pin – a pin that has been sheared in half.
Just like the pebble dikes, the Alpine dike swarm appears to have been the upper part of
the Albion Basin dike swarm. The Alpine andesite dike described above is one of at least seven
NE-SW oriented dikes that are scarcely recognizable as dikes because of extreme brecciation of
the host and the dikes. Nonetheless, we can also note the dikes orientation and their proximity to
a N-S fault with kilometers of offset (Silver Fork Fault) and several meters of marble on each
side of the dikes. Some of the andesitic Alpine dikes have been oxidized and appear more
volcanic in nature than those of Albion Basin. We speculate that because, as the top of the
system, this portion of the dike system cooled quicker and is finer grained. The lower part of the
dike system in the Albion basin are coarser grained and tough like the surrounding Alta stock.
The dikes have undergone hydrothermal alteration and thus matching the two dikes
geochemically is difficult, but possible as described above (Bartley et al., 2020). The Alpine dikes
intruded a paleo-alluvium of the Tibble Formation with large boulders of what appears to be the
equigranular phase of the Alta stock which also produced marble in abundance which can be
seen in both localities.

Reversal of Slip along Pre-existing Thrust Faults or Catastrophic Landslide?
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To better explain our model for the landslide origin of the East Traverse Mountains, we
have modified the schematic cross-sections from Armstrong et al. (2003) to incorporate a
landslide event (Figure 18).
Step one: Concurrent with late Eocene to early Oligocene volcanism depositing blockand-ash flows and lava flows, the Alta and Clayton Peak stocks were emplaced about 4034 Ma together with a prominent system of dikes. Then, farther to the west, the LittleCottonwood stock was intruded to depths of 6-11 km into folded Neoproteroic and
Paleozoic units below Sevier age thrust sheets (Figure 18A). Multiple intrusions followed
with the eventual development of a small Mo deposit associated with pebble dikes that
intruded through the sedimentary section and into the overlying altered volcanic rocks.
Step two: Between the Little-Cottonwood and Alta stock, faulting began with ~1.5 km of
normal offset along the Silver Fork Fault with conglomeratic alluvial fans being shed to
the west on the top of volcanic rocks (Tibble Formation) (Figure 18B).
Step three: During the mid-Miocene, extension migrated westward to the Wasatch Fault.
With continued displacement, the Little-Cottonwood stock was exhumed and exposed
along the Wasatch Fault during the late Miocene (~6.5 Ma). The steep mountain front
caused by displacement along the Wasatch Fault, destabilized the thrust-sheet roof-zone.
The block slid downhill off the footwall of the Wasatch Fault westward toward the valley
floor perhaps along west dipping thrust faults and the underlying Little-Cottonwood
stock. Immediately after the landslide, the exposed surface of the Little-Cottonwood
stock was covered with a layer of cataclastic breccia and ductile zones of gauge marked
with slickensides. The breakaway scarp appears to have been just east of the Silver Fork
Fault abutting the Alta Stock (Figure 18C). Relaxation, or creep to the SW may have
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been going on for quite a period of time to develop a proto-breakaway headwall scarp,
but is uncertain.
Step four: Continued displacement along the Wasatch Fault (of at least 3 km) and
compensating erosion across the Little-Cottonwood stock to the Alta Stock removed most
of the brecciated carapace that formed at the base of the landslide. This dramatically
changed the topography of the mountains. Subsidence of Utah Valley (of at least 2 km
along the Wasatch fault) caused the East Traverse Mountains to rotate towards the fault
and fixed the final dip of 11-20° of Salt Lake Formation below the slide deposit and of
the alluvial fan sediments of the Tibble Formation on top of the East Traverse Mountains
(Figure 18D).

We have no best candidate for a triggering event at 6.5 Ma, but recurring earthquakes
along the Wasatch Fault, coupled with hydrothermal alteration of the intrusions and surrounding
wall-rocks and stratigraphic planes of weakness (which may have included the Manning Canyon
Shale; Baker and Crittenden et al., 1961) within various lithologies are obvious controls.

Timing of the Slide Event
Using cooling ages from Armstrong et al., (2003), from their Lone Peak sample to those
near the Alta area, we can supplement our estimate of an approximate age on the landslide event.
The apatite fission track cooling ages of Little-Cottonwood stock samples located in this
proposed source region have an average age of 6.9 ± 0.5 Ma (Figure 19). Because the AFT and
(U-Th)/He ages differ because of closure temperatures, the data sets were separated. AFT
yielded an age of 6.77 ± 0.9 Ma and (U-Th)/He yielded an age 4.95 ± 0.6 Ma. Samples west of
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Lone Peak were discarded because we believe that they are outside the landslide source area and
were exposed later by erosion and not by rapid exhumation. Near the western edge of the East
Traverse Mountains where the basal member of the Oquirrh Group is exposed, the Jordan
Narrows unit contains a well-dated ash from Yellowstone hotspot track known as the Blacktail
Creek Tuff, dated at 6.62 ± 0.07 Ma (Christiansen, personal communication, 2020). This unit lies
just 20-30 m from what we think is the base of the East Traverse Mountains landslide and its
associated erosion products. Thus it provides the maximum age of the landslide. The time it took
for an additional 20-30 meters of lacustrine sedimentation to accumulate is unknown. However,
taking an average lacustrine sedimentation rate of 6 cm/1000 yr for Pleistocene Lake Bonneville
(Oviatt, 2019), we can estimate around 150,000-300,000 years for 20-30 meters of sediment
accumulation.
The least certain age estimate is the U-Pb age for the precipitated second-generation Ubearing opalite replacing volcanic tuff. Perhaps hot springs precipitated a second generation of
U-rich opal after seismic activity disrupted the primary deposits. These opalites yield an age of
6.1 ± 0.9 Ma (Jordan et al., 2017; Spencer, personal communication, 2018). This opal
precipitation event provides an additional, yet independent estimate, on the minimum age of the
slide. With all of this to consider, we place the timing of the slide event between 6.1 ± 0.9 Ma
(opalite) and 6.62 ± 0.07 Ma (Blacktail Creek Tuff).

CONCLUSIONS
Existence of two dike swarms within the East Traverse Mountains and the intense and
pervasive brecciation of the mountain range are evidence for the new interpretation of the
formation of the mountain block and its anomalous orientation. A list of each line of evidence that
we use in our interpretation include:
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1. Pervasive brecciation of all the rocks ranging from Mississippian to Miocene in age
that comprise the East Traverse Mountains
2. A swarm of pebble dikes found radially around the center of the range
3. Another dike swarm found at the SE corner of the block near Alpine, Utah, which
contains intermediate dikes with aphanitic and phaneritic textures.
4. Identification of three different intrusive units exposed in the Wasatch Range
recovered from pebble dikes along with molybdenite and QSP altered granitic clasts.
5.

Silicified center of the range which is enveloped by a halo of argillic alteration

6.

An andesitic dike on the SE corner of the range which can be tied geochemically and
geochronologically with dikes in the Albion Basin near the Alta stock

7. Correlation of Eocene-Miocene sediments on the East Traverse Mountains sourced
from the strata in Wasatch Mountains deposited by offset on the Silver Fork Fault
system.
8. Pseudotachylyte veins preserved in the proposed slide path of the landslide.
9. Disturbed Salt Lake Formation beds at the toe of landslide that were affected as the
mountain range came to rest in the valley, and the quartzite conglomerate fed from it.
To review the chronological events of the formation of the mountain block and landslide we
start in the center of the East Traverse Mountain. On the center of the range, pebble dikes form a
radial swarm around the inferred intrusion of a Cu-Mo porphyry which is located 16 km to the
northeast of its current position. Before the catastrophic collapse of the 1-2 km thick block,
pebble dikes were injected above this porphyry into the surrounding rock. These pebble dikes
contain clasts of the Little-Cottonwood, White Pine and Red Pine intrusions. On the
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eastern flank of this block, a series of dikes were emplaced into the country rock from the LittleCottonwood, Alta, and probably from the even older Clayton Peak stocks. With the
transportation of this block these dikes moved 16 km westward to their current location. Along
the slide path of this block, there is a trail of pseudotachylyte veins and highly brecciated rock.
The whole slide block is fragmented and pulverized. On the toe of the block, preexisting beds of
ash and lacustrine sediment were disturbed and now dip underneath it. On the southwestern
edges of this mountain, opalite formed with U-rich veins. U-Pb ages of these opalite dikes and
the age of the buried ash bed constrain the timing of this block emplacement to about 6.1 ± 0.9
Ma to 6.62 ± 0.07 Ma.
We conclude that all of the different types of evidence converge on the hypothesis that
the unroofing of the Little-Cottonwood stock was aided by a catastrophic landslide event in the
transition zone between the Salt Lake City and Provo segments of the Wasatch fault. The study
of large-scale landslides along large normal fault systems like the Wasatch Fault can give us a
better understanding of associated hazards.
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Table 1- XRF data for Alpine-Albion Basin dike swarm
Andesite Dike
Major Element oxides
Albion Basin Dike Mafic horizon
(mass%)
CH-206
L61703-2
CH-214
CH-208
SiO2
59.79
60.00
59.28
54.5
TiO2
0.92
0.75
0.93
1.19
Al2O3
16.58
16.44
16.08
16.93
Fe2O3
7.15
6.73
7.15
8.31
MnO
0.11
0.07
0.11
0.12
MgO
2.08
2.34
4.09
3.65
CaO
5.59
5.03
4.79
5.85
Na2O
3.67
3.16
3.33
3.63
K2O
3.24
3.33
3.59
3.19
P2O5
0.478
0.42
0.367
0.62
Total
99.608
98.270
99.717
99.61
LOI (excluded)
0.94
N/A
1.43
1.62
Andesite Dike
Trace Elements
Albion Basin Dike
(ppm)
CH-206
LC1703-2
CH-214
Ba
2125
1866
1189
Ce
126
138
105
Cr
56
30
146
Cu
28
32
24
Ga
19
22
18
La
63
80
54
Nb
17
12
15
Nd
54
57
46
Ni
31
12
61
Pb
22
22
10
Rb
85
101
135
Sc
16
N/A
13
Sm
11
9
9
Sr
972
986
634
Th
11
17
15
U
3
4
4
V
130
171
130
Y
23
22
18
Zn
77
84
84
Zr
249
247
235
Cl
F
S

113
709
142

N/A
N/A
N/A

130
829
393
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Table 2 - Zircon U-Pb ages
Sample
CH-205
CH-206
CH-208
CH-214

Location
Alpine dike swarm
Alpine dike swarm
Alpine dike swarm
Albion Basin dike swarm

Lithology
Age (Ma)
LCS
30.7
Alta stock
36.4
Alta/Clayton Peak?
35.7
Alta stock
34.7

Error (Ma)
±1.1
±1.4
±0.4
±0.4
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Table 3 - Sample GPS locations
SAMPLE
Alpine Dike Swarm
CH-205
CH-206
CH-20
Albion Basin Dike Swarm
CH-214
Pebble Dikes
CH-065
CH-062
CH-036
CH-061
CH-066
ebble dike float
Opalite
CH-049
CH-051
CH-050
Camp Williams Unit
CH-07
Blacktail Creek Tuff
Hog Hollow
Alluvial fan beds
Corner Canyon
CH-0 9
CH-077
Damage Zone
Breccia
Slickensides
Dry Creek Canyon
CH-121
CH-120
CH-119
Breccia
Dikelet
seudotachylyte

GPS LOCATION

LITHOLOGY

40.47929, -111.76675
40.4 134, -111.76443
40.4 05, -111.76372

haneritic/ CS dike
Andesitic dike
Mafic cobble horizon

40.57235, -111.620 5

Andesitic dike

40.47364, -111. 359
40.47792, -111. 5243
40.479, -111. 491
40.4779, -111. 5241
40.47315, -111. 3597
40.47714, -111. 5414

CS-bearing dike
CS/W -bearing dike
CS/W -bearing dike
CS/ -bearing dike
CS-bearing dike
White ine-bearing dike

40.46455, -111. 3451
40.46156, -111. 3401
40.457 2, -111. 3394

Opalite
Opalite float
Opalized rock

40.44135, -111.92316
40.44139, -111.9251

Oquirrh ebbles- Base of Camp Williams
hyolitic Tuff within Jordan Narrows unit

40.47657, -111. 091

within the Tibble Fork Formation

40.49794, -111. 3146
40.497 , -111. 3106

seudotachylyte hosted in CS
seudotachylyte

40.49 79, -111. 021
40.4941 , -111.79936

Cohesive andslide Breccia
Slip surfance, sub-horizontal, 225°

40.4932, -111.7397
40.49353, -11.73994
40.49511, -111.737
40.49779, -111.73417
40.4995 , -111.724 3
40.5001 , -111.724 5

seudotachylyte
Ultracataclasite and seudotachylyte
seudotachylyte
CS landslide Footwall Breccia
seudotachylyte
1mm-1cm thin veins of seudotachylyte
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SAMPLE
Summit Divide
DCC-3
70 cm thick vein
Slump Block
White Pine/Red Pine Porphyry
CH-095
CH-177
CH-17
CH-067
CH-164
CH-15
CH-157
CH-129
CH-031

GPS LOCATION

LITHOLOGY

40.51077, -111.69353
seudotachylyte w/ slickenlines in CS
40.50 , -111.6 33 Thick seudotachylyte vein w/ dip of 15° W
40.50 9 , -111.6 749 Slump block with seudotachlyte veins
40.55299, -111.67962
40.5571, -111.69677
40.56411, -111.696 6
40.56 , -111.6 546
40.571 5, -111.67551
40.55 35, -111.67961
40.55361, -111.6 027
40.55377, -111.67976
40.55393, -111.6 012

ebble dike hosted in W /
White ine intrusion
White ine
White ine
White ine
ed ine float
ed ine -moly type
ed ine
White ine with moly mineraliztion
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Figure 1: Geological Map of the East Traverse Mountains and central Wastach Mountains. Geologic map consists of a cross section
line A-A’. Other black lines show 16 km distance between correlating points discussed in the paper. Red lines are faults, blued lines
are pebble dikes, and yellow lines are opalite samples. Gray ovals mark the aerial footprint of the initial East Traverse Mountains
before collapse and how they appear present day on the valley floor. Green dots are locations of pseudotcahylyte samples from Corner
Canyon, Dry Creek Canyon, and summit divide. Silver Lake mylonite report by Szymanski (1999) is presented by the dark red line.
GIS data acquired from 30x60’ qudrangles maps by Bryant (1968) and Contenius et al., (2011). For sample locations refer to Table 3.

Figure 2. Oblique aerial photograph of the Geneva Rock Point of the Mountain bedrock mine taken in 2020. Dashed red line separates
underlying Oquirrh Group limestone (Bridal Veil Member?) from overlying Oquirrh quartzite. The East Traverse Mountains make up the
foreground with Lone Peak forming the central background peak and Box Elder Peak, which is made of steeply inclined Oquirrh Bridal Veil
limestone overlain by quartzite, being the right background peak. Bonneville and Provo wave-cut terraces are also visible and appear to sit
on top of fractured Oquirrh. Photo credit: Geneva Rock.
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A

B

2 cm
Figure 3. (A) Close-up photo of the intense brecciation of Oquirrh Group quartzite with fractures observed in three directions. Closely spaced
fractures have reduced the rock to minus 1-inch material (70-80%). (B) View of one of the Geneva Rock open pit walls of Oquirrh Group
quartzite with abundant fractures. Steeply inclined conjugate fractures document a vertical maximum stress during phases of deformation. In
most places, quartzite can be removed easily by hand.
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Figure 4: Geological map of the center portion of the East Traverse Mountains. Center of the range is silicified and forms a topographic high.
Around this portion of the range, the volcanics are argically altered and are enveloped in a halo of alteration (large green circle). Cross section
line cuts through a various pebble dikes and one dike (red dot) which contains clasts of White Pine QSP altered granite with ...........
as
an accessory mineral (Figures 6 and 7). 23 pebble dikes are shown as blue lines and other opalite in yellow. Note the excessive amount of
mass wasting units (Qms) that have been mapped around the silicified center of the range. See Biek (2006) for reference. For
sample locations refer to Table 3.
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Figure 5: Geological map of the east end of Little-Cottonwood Stock, White Pine/Red Pine intrusions, northern portion of the Alta stock and
Albion Basin dike swarm. White Pine intrusion and Red Pine porphyry boundaries are best estimates (Jensen, 2019). White Pine intrusion is the
purple polygon, Red Pine are the small red polygons and blue polygon is stock work zone. Light blue lines around Red Pine Porphyry are
repositioned dikes from the East Traverse
as they might have
before displacement in the East Traverse Mountains megalandslide. Red dot is a pebble dike in the Red Pine with QSP alteration. Dark blue lines near the Albion Basin dike swarm are mapped andesitic,
intermediate dikes. The yellow dot is sample CH-214 which is
to sample CH-206 in the Alpine dike swarm on the SE corner of the
East Traverse Mountains (Figure 8 and 9). Black lines show 16 km of offset
similar features on the East Traverse Mountains. Sample
locations can be found in Table 3.

A

B

C

2 cm

D

2 cm

1 cm

2 cm

Figure 6. Photographs of pebble dikes on the East Traverse Mountains. Pebbles of granitic Little-Cottonwood stock (A-C), denoted by red arrows
are seen as small, 2-4 cm rounded clasts, intermingled with other country rock, quartzite grains and clays in a dark silicified groundmass. Small
pebbles of granite < 2 cm are somewhat common in the pebble dikes on the silicified center of the East Traverse Mountains with a majority of
them ranging between 1-3 cm in diameter. Very few pebbles exceeded 4 cm, however, pebbles as large as 10-15 cm were recovered. (D) Some
pebbles dikes contain clasts of granitic rock with QSP alteration and are derived from the White Pine Intrusion (Jensen, 2019). This polished slab
shows a granitic pebble that is roughly 10 cm in length with QSP altered margins enveloped within the matrix of the dike. Sample locations found
in Table 3.
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Figure 7: Geological map of Alpine dike swarm at the east end of the East Traverse Mountains.
CH-206 is represented by the yellow dot and is located 16 km SW of the Albion Basin dike swarm
(Figure 9) along the black line. Blue lines are aphanetic/phaneritic dikes and green line is a dike that
is phaneritic and appears similar to LCS granodiorite with orientations NE-SW.
alluvial fan contains cobbles of banded quartzite and marbles. This unit lies on top of the Bridal Veil
member of the Oquirrh . roup and is seen in a fault contact with the Tibble Fork Formation. Sample
locations found in Table 3.
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A

B

Figure 8. (A) Andesitic dike (CH-206) in Alpine on the East Traverse Mountains. Dike is roughly 3-5 m thick and can be traced through float
for 400 m. Dike is highly breeciated and oxidized. Red dashed lines mark the dike margins. Photo taken looking NE. (B) Sample CH-214 is an
andesite granodiorite dike located in the Albion Basin dike swarm. The dike is roughly 5 m thick and is hydrothermally altered. Red dashed
line marks one dike margin. Photo taken looking SW. Sample locations found in Table 3.

67

0
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Sample

Unit

CH-206 (n= 7) Alpine Dike
CH-214 (n= 4) Albion Basin
Dike

0

500

1000
U-Pb Age (Ma)

1500

2000

Figure 9.
density estimates (KDE) colored by lithologic unit of two dike swarms xenoycry tic
zircons. Ages were obtained for an andesitic dike in the East Traverse Mountains and an andesitic
dike in the Albion Basin. Analyses were captured by LA-ICP-MS at the University of Utah.
Ages of zircon xenocrysts suggest that they could be from the same source and picked up zircons from
the same units. Zircons with U-Pb ages of ~890, ~1120, and 1350 Ma were concordant between both
samples and could represent zircons from the Big Cottonwood Formation.
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Figure 10. Kernel Density estimates (KDEs) of Zircon U-Pb ages colored by age and plotted using IsoplotR. Ages of various intrusive units
from Vogel et al. (2001), Smyk et al. (2018), and Stearns et al. (2020) included for reference. Samples from Red Pine, White Pine and LCS
first reported by Jensen (2019). Peak U-Pb zircon ages from Alpine and Albion basin dikes fall within accepted values of Alta stock. Other
older U-Pb zircon ages for these two dikes suggest similar source magma. Zircons were analyzed using LA-ICP-MS at the University of
Utah. For more information regarding samples from LCS or White/Red Pine intrusions refer to Jensen (2019).

20 cm
Figure 11. Photograph of the Jordan Narrows unit of the Salt Lake Formation is
located on the east side of the Jordan River and occurs at the toe of the East
Traverse Mountains. The red line marks the upper boundary of an ash and marl
bed roughly 20 m below the top of the unit. This bed is roughly 1 m thick and
consists of 50% marl limestone and 50% fallout tuff that is fining upwards. This
ash layer is the Blacktail Creek Tuff that is dated at 6.62 Ma (Bolte et al., 2015).
This bed is dipping east at 18 degrees. Sample location found in Table 3.
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1 cm
Figure 12. Photos of pseudotachylyte and cataclasite hand samples taken from Corner Canyon
and Dry Creek Canyon. (A) Pseudotachylyte from Corner Canyon 2 cm thick within green
altered Little-Cottonwood stock. (B) 1 cm thick pseudotachylyte vein in brecciated LittleCottonwood stock up Dry Creek Canyon. (C) Cataclasite from Dry Creek Canyon within LittleCottonwood stock. Dark green vein with chlorite and epidote alteration is disrupted by faulting.
(D) A thin vein of pseudotachylyte in unaltered Little-Cottonwood stock located up Dry Creek
Canyon. (E) Sample of cataclasite taken in close proximity to (C). Veins of cataclasite range
from 1 mm to 3 cm (A, C, D) are polished slabs. Sample locations found in Table 3.
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A

B

C

D

E

F

Figure 13. Photomicrographs of pseudotachylyte taken from Corner Canyon (A-C) and Dry Creek
Canyon (D-F). All photos taken at 2x magnification. (A) Black glassy groundmass with small trapped
survivor quartz grains with shattered quartz grains. (B) More glassy groundmass with flow like
features with microfaults and grain size reduction. (C) Broken quartz grains within glassy groundmass.
(D) Folded micas around lightly mylonitic texture with seriated grain boundaries in plane polarized
light. (E) Cataclastic grain size reduction. (F) Shattered plagioclase phenocryst with interstitial glassy
ground mass.
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A

50 cm

B

30 cm

Figure 14. Photos of pseudotachylyte veins located at the summit divide between American Fork Canyon and Dry Creek Canyon
in brecciated Little-Cottonwood stock. Largest veins are roughly 0.6 m thick. (A) Two parallel pseudotachylyte/cataclasite zones
in place near the upper contact of Little-Cottonwood stock with the Doughnut Formation. The upper zone is about 0.6 m thick at
this point but pinches and swells for over 100 m until covered by colluvium. The lower zone is about 2 cm thick. (B) Another
thick vein of pseudotachylyte/cataclasite which lies 10’s of meters beneath the contact between the Little-Cottonwood stock and
Doughnut Formation. View of the vein is SW which dips gently 10 degrees toward the valley. Sample locations found in Table 3.
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Figure 15. Structure map of the East Traverse Mountains and Wasatch Range showing azimuth of lineations of dip
directions of various geological features. Data from Corner Canyon and Silver Lake mylonite acquired from Constenius,
(1998); Szymanski, (1999). Slickenlines on surfaces in the damage zone or cataclasite near Corner Canyon had a WSW
orientation.
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Figure 16. Cross section A-A’ for the East Traverse Mountains. Faults indicated by dashed lines are a combination of inferred and mapped faults by our study
and the mapping of Biek (2006). Line of cross sections cuts through the Jordan Narrows, pebble dike swarm on the center of the range, through the Alpine dike
swarm and across the Provo Segment of the Wasatch Fault. Cross section includes interpretation of the basement and nature of the East Traverse Mountains as
compared to Biek (2006). Changes include, addition of pebble dike swarm, and Alpine dike swarm comprised of aphanetic and phaneritic dikes, alteration halo
seen in volcanic rocks near the silicified center of the range and Oquirrh Group sitting on top of underlying Tertiary Salt Lake Formation making this mountain
block rootless. Cross section line labeled on Figure 1.
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2 cm
Figure 17. Pseudotachylyte hosted in Little-Cottonwood granite with partially melted quartz grain
entrapped within a 3 cm vein. Little-Cottonwood granite is hydrothermally altered and contains secondary
epidote.
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Figure 18. Revised and reinterpreted schematic diagram of Armstrong et al. (2003) adapted for our
study. Diagram showing the evolution of spatial and temporal variation in exhumation across the
western Wasatch Igneous Belt and development of the East Traverse Mountains. Black dots represent
relative paleosurface through time. We simplified the Silver Fork-Superior Fault system for
explanation sake and added in the detachment and emplacement of the roof zone of the LittleCottonwood stock as the East Traverse Mountains mega-landslide. Interpretation of 1.5 km of offset
along Silver Fork fault was added to explain occurrences of Tibble Fork and Keetley volcanics on the
surface of the East Traverse Mountains.
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Figure 19. Modified (A) modeled temperature history plots, (B) combined apatite fission track,
zircon fission track, (U-Th)/He data sets and (C) cross section for the central Wasatch region taken
from Armstrong et al. (2003). (A) Modeled temperature history plots for sample ER7, Group F,
and Sample 9815 located 9, 12.5 and 21.5 km East of the Wasatch Fault respectfully. The middle
curve for these samples shows AFT bet fit temperature history curves. At around 6 Ma there is a very
steep change in temperature for sample ER7. This same sharp change in temperature occurs
for Group F samples but not for sample 9815. This could be due to a massive landslide decapitating
the LCS pluton ~6.5 Ma. The East Traverse Mountain source footprint extends 17 km east of the
Wasatch fault. Samples located east of the paleosurface (now the ETM) do not see this change in
temperature like sample 9815. (B) AFT, ZFT and (U-Th)/He data sets versus distance from the
Wasatch Fault. We modified line of best linear fit for (U-Th)/He data and included one for AFT
data as well and calculated a mean age for AFT of 6.77 Ma and He of 4.92 Ma and a combined age of
6.02 Ma (C) Generalized cross section of the central Wasatch Region. this is used to show reference
of where samples are located and to show approximate footprint of the ETM landslide (red box).
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An-Ab diagram for CH-206 and CH-214
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Appendix A. An-Ab diagram for plagioclase from CH-206 and CH-214. CH-206 plagioclase ranges from An35 to
An54. Ch-214 plagioclase ranges from An18 to An44. CH-214 is within the metamorphic aureole of the Alta stock and
the plagioclase has been albitized to relation to CH-206.
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Appendex B. Cathodoluminescence (CL) images of representative zircons from CH-206 (andesitic dike
), CH-208 (mafic
horizon
) from Alpine dike swarm and CH-214 (andesite dike
) from the Albion Basin dike swarm. Unlike other zircons recovered from LittleCottonwood stock, White Pine/Red Pine intrusions, these zircons show a lack of zonation and are commonly pitted. It was impossible to
indistinguishable xenocrystic zircons from magmatic ones. LA-ICP-MS laser sampling was taken on two points, core and rim of each zircon
crystal.
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5 cm
Appendix B. Fine-grained, unconsolidated sediments of the alluvial fan (Tibble Fork Formation) unit
of the East Traverse Mountains as exposed in Hog Hollow. The Bedding is dipping 22 degrees to the
east; the azimuth of the dip direction is 70º E of N. This outcrop is one of the only places in the entire
mountain block where reliable orientations could be taken. Photo taken looking south. Sample
location found in Table 3.
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Appendix D. (A) Cobbles of quartzite and marble in Quaternary-Tertiary alluvium on Oquirrh Group on the SE corner of the
East Traverse Mountains. Both lithologies are well-rounded cobbles and occur together. (B) A finely laminated quartzite
cobble which is in appearance similar to the Big Cottonwood formation. (C) Fresh surface of a marble cobble with a fibrous
mineral (Tremolite?) forming sheets within fractures.
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Camp Wiliams
Jordan Narrows

Appendix E. (A) Contact between the overlying Camp Williams unit and underlying Jordan Narrows unit of the Salt
Lake Formation. There is no transition between these two unit, however, there is a small angular unconformity of
roughly 5º as noted by Slentz (1955). (B) Basal conglomerate roughly 5 m in thickness of the Camp Williams unit.
Inventory of the clast lithology resulted in: 67% Oquirrh quartzite clasts, 30% volcanic rock clasts, 3% green Oquirrh
clasts. Majority of these Oquirrh clasts are quite friable and break easily, which is a stark contrast to unbrecciated
Oquirrh quartzite from other locations than the East Traverse Mountains. Sample location found in Table 3.
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Appendix F. Horizon rich in cobbles and boulders of granodiorite and other lithologies in the same
general location as the Alpine dike swarm. Large brecciated/weathered clasts of a phaneritic granodiorite
(CH-208). (B) Appearance of this granodiorite in the field. Other clasts possibly include Tibble Fork
Formation, and other intrusive rocks which may comprise Alta, Clayton Peak, LCS and Flagstaff stocks.
Sample location found in Table 3.
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Appendix G. “Opalite” samples under (A) incandescent light and (B) UV light at 2x magnification. Variability in uranium
concentration is visible under UV light and is seen in the intensity of the green glow. Opalite samples are from the East
Traverse Mountains and were analyzed for U-Pb content. U-Pb age for the 5 youngest ages give an age of 6.1 ± 0.9 Ma.
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Breccia zone

Appendix H. Footwall breccia zone of deformed Little-Cottonwood stock which forms a plateau
in Dry Creek Canyon. Belows this cataclasite zone, breccia transitions to undeformed LCS granite.
On this plateau, sparse occurrences of pseudotachlyte and cataclasite are found with slickenlines
dipping 32º to the SE. East Traverse Mountains make up the background of the photo. Photo taken
looking W.
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4 cm
Appendix I. Nature of the Alpine dike swarm. Dikes are generally found brecciated, altered, and in poor
condition. The dikes are very friable and it is difficult to find pieces large enough to thin section. This is
a picture of a granitic dike with large K-spar phenocrysts. Sample locations found in Table 3.
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Appendix H. Summit divide between American Fork Canyon and
Dry Creek Canyon near Silver Lake. Here, LCS intruded the
Doughnut Fm. Pseudotachlytye/Cataclasite developed in parallel
veins within in the upper portion of the LCS. Photo is looking
northeast. This area of the LCS hosts a large low-angle fault block
which contains the pseudotachlytye horizons. The Doughnut Fm.
is highly susceptible to failure which can be seen in small
Quaternary landslides. Large 1000-ton blocks of brecciated LCS
have slumped off the the top contact of the LCS and Doughnut
Formation and can be seen in the red boxes. These large blocks
contain cataclasite veins and slickenlines on their large upper
exposed surfaces. Sample locations found in Table 3.
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Sample Zr/Ti
Ti
CH-206
452.27
CH-214
421.01
L61703-2
547.67
LCS
583.82
LCS
611.62
LCS
721.43
LCS
540.13
LCS
598.71
White Pine
890.81
LCS
447.74
LCS enclave 552.97
Alta stock
470.48
Alta stock
350.02
Alta stock
569.92
Alta stock
588.73
Alta stock
538.08
Alta still
590.89
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465.30
Alta still
437.47
Alta still
526.67
Flagstaff
434.57
Flagstaff
477.41
Mayflower
431.94
Mayflower
481.02
Pinecreek
489.99
Clayton pe
657.51
Clayton pe
653.74
Clayton pe
586.35
Clayton pe
571.67

0.55
0.56
0.45
0.26
0.27
0.24
0.38
0.34
0.28
0.57
0.44
0.47
0.37
0.43
0.31
0.37
0.35
0.11
0.32
0.65
0.46
0.52
0.57
0.52
0.48
0.62
0.59
0.59
0.62

Zr/Y

10.93
13.32
11.23
6.75
9.38
7.86
14.57
12.56
25.10
25.50
14.24
15.71
3.05
16.40
18.00
9.09
11.61
5.30
6.95
17.05
19.80
7.32
11.71
9.19
8.70
15.62
14.92
13.92
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Y

23
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14
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10
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10
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10
34
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26
25
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Zr/Nb
Nb
14.83
15.43
20.58
5.31
16.50
7.52
10.74
12.56
14.76
8.50
11.00
7.33
25.60
24.60
18.00
10.00
14.93
4.42
5.15
24.36
19.80
49.80
24.60
49.60
47.00
81.20
32.33
29.00
22.06

17
15
12
29
10
23
19
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17
30
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5
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14
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5
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5
5
5
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12
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59.28
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69.8
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60.41
61.11
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61.5
63.67
73.48
61.19
56.11
59.2
59.89
59.95
59.62
60.95
58.65
59.26
59.3
58.89

Appendix K: Elemental composition diagrams and table for samples within the Wasatch
Igneous Belt. Samples CH-206 (Alpine) and CH-214 (Albion Basin) have similar patterns,
ratios and compositions in major and trace elements compared to other igneous rocks in the
area.
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